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CHAPTER I 
INTRODUCTION 
The optical properties of GaAs/ AlxGa1_xAs quantum wells (QW's) and su-
perlattices (SL's) have been the subject of extensive investigations ever since the 
first fabrication of these heterostructures [1,2]. Optical spectroscopy is a nonde-
structive experimental method that allows for many repeated measurements on the 
same specimen. When a laser light beam with sufficient energy hits the sample 
many carriers in the sample are photoexcited to higher energy in the conduction 
band leaving behind holes in the valence band. After some elapsed time the carri-
ers will eventually relax back to their ground state and recombine with the holes 
by emitting photons. This thesis concentrates mainly on the early stages of this 
relaxation process namely the first few picoseconds after excitation. We, therefore, 
study the ultrafast carrier dynamics and their properties in the GaAs/ AlxGa1_xAs 
semiconductor quantum wells (QW's) and superlattices (SL's). 
Despite the continuing interest during the last decade, the dependencies of 
the properties of optical phonons on alloy composition in zincblende SL's and 
multiple quantum wells (MQW's) are still largely unknown. This is true even for 
such model systems as GaAs/ AlxGa1-xAs SL's and MQW's [4-7]. In the case 
of AlxGa1_xAs barriers, alloy fluctuations make theoretical treatments of phonon 
properties rather complicated [5,8,9]. However, for the simpler GaAs/ AlAs system 
optical phonon confinement has been demonstrated even when the GaAs wells are 
only a few monolayers thick [4,10,11]. Primarily because of the lack of information 
on LO phonon properties as a function of x, the so-called 2-dimensional (2-D) 
picture is routinely used to describe LO phonons and their scattering with electrons 
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in GaAs/ AlxGa1_xAs quantum wells (QW's) [4,5). Simply considering the limiting 
case of x or the barrier width approaching zero is enough_ to reveal the inadequacy 
of the 2-D picture [12-14). In this study we will try to clarify some of the issues 
concerning the LO phonon nature and show that the GaAs LO phonons are not 
always confined as the literature implies. Instead, we show that the question of 
whether the LO phonons are confined or propagating should be answered carefully 
depending on the value of x and the thickness of the AlxGai-xAs barrier. This is 
important in the ultrafast device applications of these heterostructures since the 
primary relaxation mechanism of the carriers in these materials is through phonon 
ermss10n. 
The ultrafast relaxation of the carriers is also addressed on a much faster 
time scale than picosecond Raman scattering. In this case we use degenerate-four-
wave-mixing (DFWM) to investigatethe carrier and exciton dephasing times in a 
GaAs/ Al0.3Gao.7As superlattice and a ZnSe epilayer. The time scales considered 
here are on the order of a few hundred femtoseconds. This area is attracting a 
lot of interest these days mainly due to the new laser capabilities available. In 
particular, the recent invention of the self modelocked femtosecond Ti:sapphire 
laser has opened the doors for many new experimental techniques and helped 
reduce the signal-to-noise ratio. This is apparent from the recent literature. 
The thesis is organized into several chapters that can be grouped under 
four major parts. The first part of the thesis concerns Chapter I which gives an 
introduction to the subject of the thesis and Chapter II which deals mainly with 
the sample parameters and preparation. Chapter III gives a detailed outlook on the 
experimental methods used in this study. The second part of the thesis is composed 
of Chapter IV and gives an overview of the theory needed to help understand the 
results of this study. The third part of the thesis is composed of three chapters 
dealing with the experimental findings of this study. This includes chapters V, VI, 
and VIL Chapter V addresses the picosecond Raman scattering results in the case 
of x=0.4 and x=l. Chapter VI treats the measured phonon penetration depth as 
a function of x. Chapter VII discusses the results of our subpicosecond degenerate 
3 
four wave mixing (DFWM) on both a GaAs/ Al0.3Gao.7As multiple QW sample 
and a ZnSe epilayer sample. The last part of the thesis is Chapter VIII which 
summarizes the results and conclusions of this study. 
CHAPTER II 
SAMPLE DESIGN AND PREPARATION 
Growth Method 
Among the most widely known semiconductor devices that explore the 2-D 
motion of the carriers are the quantum well lasers and the heterostructure transis-
tors. In fact quantum Hall structures are already being used as standard resistors 
in many national bureau of standards laboratories. The growth and preparation 
methods for these heterostructure devices play crucial roles in their performance. 
The most commonly used materials are the well known III-V semiconductor com-
pounds especially GaAs/ AlxGa1-xAs heterostructures. Molecular Beam Epitaxy 
or MBE is a near-perfect growth technique that has a highly detailed control of 
the crystal growth [1-3]. Abrupt interfaces and controlled layer thicknesses down 
to the atomic monolayer size are typical for this method. 
MBE is an epitaxial growth process that involves the deposition of one or 
more atomic and molecular beams of the constituent elements on a crystalline bulk 
material kept at a specific temperature in an ultra-high-vacuum (UHV) environ-
ment. The essential components of an MBE machine are shown in Figure 1. The 
molecular beams are generated from the evaporation cells (labeled In, Ga, etc ... ) 
kept at a precise temperature and equipped with accurate externally controlled 
shutters. Operation of these shutters allows for abrupt change of the molecular 
beam species in order to grow different layers of materials or uniformly mix several 
compounds to form an alloy. The molecular flux initiation or termination lasts 
only a tenth of a second while the growth rate is on the order of 5 A of layer thick-
ness per second. The substrate is maintained at a typical temperature of about 
500~ 700 °C. The lower the substrate temperature the better since this minimizes 
the diffusion of the deposited atoms. 
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Figure 1. Essential components of an MBE machine ( from Reference 3) 
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The substrate material quality and cleanliness is a crucial parameter in mak-
ing these small structures. The substrate is mechanically polished and etched then 
introduced into the UHV chamber and deoxidized by heating. The UHV environ-
ment allows for the implementation of powerful 'in situ' analytical techniques that 
allow for monitoring each step of the growth sequence. First, the surface quality of 
the substrate is checked by Auger electron spectroscopy which analyses the chemi-
cal composition of the 5 to 10 A outer atomic layer. The intensity of the molecular 
beams is precisely measured with a computer controlled mass spectrometer that 
is also utilized to detect any leak in the vacuum system and measure the various 
background gases such as water vapor. Reflection high-energy electron diffraction 
(RHEED) patterns are used during atomic layer growth to monitor the smooth-
ness of the deposited film. RHEED analysis also provides a, very useful means 
of measuring the layer thicknesses. In addition TEM and x-ray techniques have 
shown extremely precise sample information on the microscopic scale range [1,2]. 
Sample Structures 
The GaAs/ AlxGa1_xAs heterostructure samples we used for this study are all 
grown on [100]-oriented GaAs substrates. The GaAs and AlAs have a cubic lattice 
with lattice constants of 5.6533 A and 5.6611 A respectively [15]. This leads to a 
very small lattice mismatch (about 0.14%) between these compounds allowing for 
the entire composition of AlxGai-xAs to be lattice matched on GaAs substrates. 
In these types of structures the GaAs layers are referred to as wells while the 
AlxGa.1-xAs layers as barriers. For thick and high enough barriers the electrons 
are well confined in the wells and- can-be treated in the standard 'particle in the 
box' quantum mechanics picture. These quantum well structures are usually rep-
resented by square wells as shown in Figure 2. The parameters Lz and Lb represent 
the well and barrier thicknesses, respectively. The typical structure of our samples 
is shown schematically in Figure 3. A complete list of all the GaAs/ AlxGa1_xAs 
samples used in this study is shown in Table I. 
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Figure 2. Typical band diagram of GaAs/ Ala:Ga1_~As quantum wells 
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Figure 3. Schematic representation of the structure of our samples 
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TABLE I 
GaAs/ AlxGa1-xAs SAMPLE PARAMETERS 
X Lz (A) 
1 100 6, 8, 11, 20, 100 
0.4 100 5, 10, 15*, 20*, 25, 30, 40, 50 
0.3 100 6, 23, 37, 51, 76,100,150 
0.2 150 35, 70, 120, 180 
0.2 70 70 
0.18 70 30,150 
0.12 100 8, 31, 150 
*Two samples grown at different times 
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All of our samples were grown by MBE method and most of them were pro-
vided by Dr. J .F. Klem at Sandia national laboratory. From a large piece of each 
sample (-10x20x0.8 mm) we usually cleave a small portion (typically 4x4x0.8 
mm) on which we conduct our experiments. The nominal sample parameters are 
determined precisely during the growth and supplied with the samples. In addi-
tion, the parameters of some samples have been independently checked in another 
laboratory by x-ray diffraction and the results are consistent with Table I. Other 
critical samples have been grown a second time with duplicate parameters. These 
samples are clearly labeled in Table I. Before we conduct our experiments the 
samples are always degreased and cleaned in a trichloroethylene solution placed 
in an ultrasonic water bath. The cleaning process is repeated several times as 
needed. Immediately after that the samples are placed inside a cryostat for low 
temperature measurements. 
Sample Preparation · 
Some other experiments involving the transmission of the laser beam through 
the sample required a delicate. preparation of the samples. This is because of the 
opacity of the GaAs substrate which has to be removed in order to conduct these 
experiments. An outline of this technique is given in Appendix A. 
CHAPTER III 
EXPERIMENTAL METHODS 
Picosecond Raman Scattering 
Over the past few years, laser pulses have become shorter and shorter down 
to just a few cycles of the laser frequency [16). Several techniques had to be 
employed to reach such ultrashort pulses. Modelocking and pulse compressing in 
a single-mode fiber [17,16) are commonly used in addition to the use of saturable 
absorbers in colliding pulse modelocked dye lasers (18,19). 
In our time resolved Raman scattering experiments the picosecond laser 
source used is a modelocked Spectra-Physics Nd:YAG laser model 3800. The repe-
tition rate of this laser is 82 MHz and the emission wavelength is at 1.06 µm. The 
pulse duration of the output pulses is about 90 ps with an average power of about 
10 W. The next stage in our setup is a Spectra-Physics pulse compressor model 
3695 shown schematically in Figure 4. Inside the pulse compressor, the 10 W / 90 
ps pulses from the YAG laser are focused tightly with a microscope objective into 
a 50 µm diameter fiber. This is a 20 m long single-mode fiber used to chirp the 
laser pulses. The output pulses are then reflected several times out of a negative-
group-velocity-dispersion grating allowing the compression of the pulses in time. 
The pulses are then frequency doubled in a KTP crystal to the 532 nm wavelength 
and have an autocorrelation trace of about 2 ps. the average power output at this 
stage is about 800 mW and is enough to drive two independent femtosecond dye 
lasers. Most of the picosecond Raman scattering experiments we conducted are 
done at the 532 nm wavelength after the pulse compression. This is because these 
pulses are spectrally clean and have a relatively short bandwidth of about 7 cm-1. 
This is important since the Raman modes we are measuring are typically about 
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Figure 4. A schematic diagram of the pulse compressor used 
in the experiment 
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300 cm-1 away from the laser line. The average powers used in our experiments 
range from about 5 mW to about 150 mW at the sample. 
For the wavelength dependent picosecond Raman scattering experiments, the 
situation is a little more involved technically due to the interplay and trade-off's 
involved between the pulse width,. the band width, and the power and stability of 
the laser. We used a Spectra-Physics femtosecond dye laser model 3500 operating 
with a Rhodamine 6G (R6G) dye that can be tuned from 575 nm to 635 nm. The 
subpicosecond pulses that result from pumping this dye laser directly with the 2 ps 
pulses from the compressor are consequently too broad spectrally (about 50 cm-1 ) 
and can not be used in a Raman scattering study of modes that are about 300 cm-1 
close to the laser line. The spectrum of these pulses is shown by the solid curve 
in Figure 5. Due to the uncertainty principle, by increasing the time duration of 
our laser pulses we can reduce their linewidth. In this case, we completely bypass 
the pulse compressor and frequency double the output of the YAG laser to obtain 
pulses of about 30 ps duration at 532 nm with an average power of about 1.5 W. 
These pulses are then used to synchronously pump our dye laser. The output pulses 
are about 2 ps long but still spectrally broad (about 25 cm-1 ) for our experimental 
requirements. The spectrum of these pulses is shown by the dotted curve in Figure 
5. Our first approach to reducing the linewidth of our laser pulses is to introduce 
a second birefringent filter inside the dye laser cavity. Figure 6 shows the location 
of the birefringent filter inside the dye laser cavity. This has reduced the spectral 
bandwidth of the pulses but they were not spectrally "clean" due to the broad dye 
fluorescence and other light present in the cavity that still makes it through the 
dye laser optics. A spectral filter was then necessary to eliminate all this spurious 
light. We have to keep in mind that every extra step taken in improving the 
spectral shape of our pulses costs us some loss of the laser power. The spectral 
filter used is shown in Figure 6. This consists of a special collinear output prism 
that is a combination of three regular prisms precisely matched and mounted to 
keep the main output wavelength relatively collinear with the input beam while 
the other component wavelengths are deviated. An adjustable slit is then used to 
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Figure 5. Spetra of the dye laser pulses under different conditions as explained in 
the text 
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block all the secondary lines and shoulders of the laser line. In Figure 5 we show 
by the dashed curve the spectrum of the final pulses obtained. The linewidth of 
these pulses is about 7 cm-1 with an autocorrelation of about 3 ps (or -2 ps after 
sech2 lineshape). The average usable power obtained for the experiment is about 
30 mW at the sample location. 
Pulse Width Measurements 
The duration of our laser pulses is measured with an lnrad autocorrelator 
model 5-14B. A sketch of this is shown in Figure 7. The principle of operation 
of this equipment is based on the second harmonic generation by non-collinear 
mixing of two pulses in a nonlinear crystal. Essentially, the incoming pulse is split 
into two parts inside the autocorrelator. One pulse is delayed in time with respect 
to the other by retardation in a glass block. The two pulses are then recombined 
inside the nonlinear crystal to generate the second harmonic signal. The measured 
intensity of this signal (12w) depends on the amount of time delay ( T) between the 
two pulses as follows[20] 
1+00 I2w(r)= -oo lw(t)Iw(t+r)dt (1) 
where lw is the laser pulse profile. This leads to a relation between the pulse width 
. (treaz) and the autocorrelation trace measured tauto (i.e. the full-width-half-max of 
I2w): 
treal = a X tauto 
where a is a constant that depends on the shape of the pulses. For instance, 
a ~ 0.707 for sech2 shape pulses. Note that the autoco{relation trace width is 
. always larger than the actual pulse width. Figure 8 shows an autocorrelation 
trace of our subpicosecond Ti:sapphire laser pulses. The nonlinear crystals used 
in the autocorrelator are a KDP or BBO crystal depending on the wavelength of 
the laser pulses used. Both crystals have very small thicknesses of about 0.5 mm 
17 
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Figure 7. Schematic diagram of the autocorrelator used to measure our laser pulse 
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Figure 8. Autocorrelation trace of our Ti:sapphire laser pulses 
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to increase the time resolution. We also utilize two separate sets of glass delay-
blocks for femtosecond or picosecond operation depending on the time resolution 
required. We can measure pulse widths from less than 50 fs to about 100 ps. 
In other instances we have also measured the width of our laser pulses using our 
four-wave-mixing setup. The results are very consistent with each other. 
Picosecond Raman Setup 
After all the conditioning and shaping of the laser pulses it is now possible to 
conduct our Raman experiments using the dye laser. Figure 9 shows our picosec-
ond Raman scattering setup. Note that the femtosecond dye laser is not shown in 
the figure for simplicity. Its position is directly in front of the pulse compressor. 
This experimental arrangement is similar to a cw Raman scattering setup except 
for the excitation source which is, now, picosecond pulses. This allows for a time 
resolution on the order of the duration of the laser pulse as long as the laser pulse 
duration t is such that Te-LO < t < TLo. Where Te-LO and TLo are, respectively, 
the electron-LO phonon interaction time and the LO phonon lifetime. For GaAs 
LO phonons Te-LO ~ 200 fs and TLO ~ 7 ps at 5 K [21-25]. This is satisfied quite 
well with our 2 ps laser pulses. Our time resolved Raman scattering technique 
is referred to as one-beam-pump-and-probe since the same laser pulse is used to 
both excite and probe the hot electron and hot phonon populations [26-28]. This 
is possible since light scattering is an instantaneous process and the Raman scat-
tered light will only exist as long as the laser pulse is in the- sample. The time 
delay in our experiment is fixed by the laser pulse duration. There are other time 
resolved Raman scattering experiments that employ separate pulses for pumping 
and probing the hot phonon population. The main advantage of these is the pos-
sibility to study hot phonon population buildup or decay as a function of time. 
This experimental technique is widely used to measure the hot phonon lifetime 
(TLo) [21-24]. There are, however, several disadvantages of this technique over 
the one-beam-pump-and-probe method. At first, this technique requires the probe 
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beam to be attenuated at least 10 times compared to the pump beam in order 
to avoid creating a significant phonon population by the probe beam. This will 
reduce the overall phonon population excited. In addition, the problem of spatial 
and time overlap of the pulses on the sample create additional uncertainties. Also, 
the Raman scattered light caused by the pump and probe beam has to be spatially 
separated in the case of degenerate pump and probe experiments. 
Our picosecond Raman scattering experiments are performed in the stan-
dard backscattering geometry on several series of GaAs/ AlxGa1 _xAs SL's grown 
by MBE on [100]-oriented GaAs substrates . In each series Lb varies while x and 
Lz remain constant. A summary of our sample parameters is given in Table I. In 
the technique we use; an optical pulse creates a hot electron distribution which 
generates hot phonons via relaxation. This same pulse also probes the hot phonon 
occupation number, which is determined through the Stokes and anti-Stokes Ra-
man intensities. The details of the experimental procedures and data analysis is 
discussed in Chapter V. The excited carrier densities in our experiments are esti-
mated by measuring the laser spot size on the sample. These carrier densities are 
then adjusted in order to yield a phonon occupation number (Nq) of about 0.3 for 
bulk GaAs. The excited carrier densities are intentionally made low ( <1017 cm-3) 
so that the experimental Nq varies linearly with the incident laser power, P. A plot 
of Nq versus P for the bulk GaAs LO phonon can be found in Figure 19 of Chapter 
V. Our experiments are conducted at temperatures ranging between 172 Kand 16 
K with similar results. At temperatures larger that about 50 K, a correction for 
the thermal phonon population must be taken into account when extracting Nq 
from the Stokes and anti-Stokes intensities. In our experiment since we measure 
the linear dependence of N q on P we obtain the following expression for N q: 
where Nth is the thermal phonon population which is negligible at low temperature. 
The term in parenthesis is the slope of the line and is proportional to the hot 
phonon generation rate for a fixed time delay between the pump and probe pulses. 
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The incident light is polarized along the [110] direction to take advantage 
of the high efficiency of the spectrometer gratings. The scattered light is col-
lected and analyzed through a standard Spex triple monochromator model 1877 
or Spex double monochromator model 1403. The photon counting system used is 
a Charge-Coupled-Device or CCD multichannel detector made by Photometrics. 
The detector area composed of 512 by 512 pixels has a very high sensitivity and 
spatial resolution which depend mainly on the spectrometer used. All the com-
ponents of the experimental setup are interfaced to a personal computer model 
386. 
Degenerate Four Wave Mixing (DFWM) 
Among the most commonly used pump-and-probe experiments is the so-
called degenerate-four- wave-mixing (DFWM). This is considered one of the sim-
plest time resolved pump-and-probe spectroscopic techniques. The setup used for 
performing these experiments is shown schematically in Figure 10. In this exper-
iment, two laser pulses propagating along k1 and k2 interact inside a sample to 
coherently generate a signal along the background-free direction 2k2 - k1 . The 
interaction between the pump and probe pulses creates a transient polarization 
grating which self-diffracts part of the probe beam into the 2k2 - k1 direction. 
The signal is spatially filtered with a pinhole and measured with a PMT as a 
function of the time delay between the pump and probe pulses. To improve the 
signal to noise ratio, we use the standard technique known as difference-frequency 
lock-in amplification. In this method both the pump and probe beams are chopped 
with frequencies f1 and f2 • The signal is then detected at the difference-frequency 
f1 -f2 • The PMT we use is a Hamamatsu side-on tube model 928 with an applied 
voltage of about 700 Volts. The lock-in amplifier used is an EG&G model 504. A 
program was written to interface both the lock-in amplifier and the stepper motor 
on the optical delay line to a 286 personal computer. Additional details about this 
experiment can be found in Appendix B. 
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Figure 10. A schematic diagram of our DFWM setup. 
Pl and P2 are polarizors, BS is a beam 
splitter, and PS is a pinhole-screen 
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The time ·resolution of this experiment is only limited by the duration of 
the laser pulses. The laser source used in these experiments is composed of two 
component lasers. A Spectra-Physics Argon ion laser model 2030 operating at 8 
watts in the multiline configuration is used to pump a state-of-the-art Coherent 
Ti:sapphire laser model Mira-900. The Mira laser us~s the Kerr-lens effect of the 
Ti:sapphire crystal to mode lock itself and output transform-limited laser pulses 
as short as 120 fs (with a sech2 shape). The output has a tuning range from 
about 800 to 900 nm with an average output power of about 1.5 watts at the peak 
wavelength. Figure 11 shows typical laser power and pulse width as a function of 
the wavelength tuning range. 
In other experiments on II-VI semiconductor compounds we use a LiI02 crys-
tal to frequency double the output of the Mira. This allows us to reach excitonic 
resonances in these compounds with femtosecond pulses. After second harmonic 
generation we obtain tunable UV pulses with a duration of less than 130 fs and an 
average power of about 160 mw. 
It is important to note that in order to conduct the DFWM experiments on 
our semiconductor heterostructures we must make sure that the sample is some-
what transparent to our laser excitation. This is accomplished by removing the 
GaAs substrate from our samples as discussed in Appendix A. The effective thick-
ness of the sample is then reduced to a few microns only. This makes the sample 
relatively transparent to radiations just above the band gap. Figure 12 shows a 
substrate-removed superlattice (SL) sample and the pump and probe geometry 
used for these experiments. 
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Figure 12. A schematic representation of our substrate-removed SL sample and 
the pump and probe geometry used in the DFWM experiments 
CHAPTER IV 
THEORETICAL BACKGROUND 
The most practical and commonly used model to describe the hot electron in-
teraction with hot phonons is based on solving the Boltzman equations for phonons 
and electrons . In the literature, only the GaAs bulk case is treated rigorously. 
An attempt by Potz et al.[29] in considering the QW case will be referred to later 
in this chapter. This model represent an adaptation of the bulk model with in-
corporation of the main physics involved in a QW case. Some of the assumptions 
used in this model are the use of bulk optical phonon modes and infinite barriers 
(i.e. thick AlAs layers). The model also assumes parabolic bands. We will, first, 
discuss the electron and phonon dynamics in bulk GaAs and then discuss the QW 
case. 
Bulk GaAs 
Rate Equations 
The semiclassical Boltzman equations for carriers and phonons are used to 
describe the transport properties of the particles in the medium. Essentially, one 
assumes that a free-particle trajectory is interrupted by instantaneous scattering 
events. The quantum-mechanical scattering probabilities are calculated to yield 
the physical properties .of interest. The Boltzman equation for the various types 
of carriers in a semiconductor can be written in the following general form 
di dt (di) (di) (di) (di) (di) dt + dt + dt + dt + dt 
exc c-ph c-c c-c' loss 
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(2) 
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where f is the carrier occupation. The first term in Equation 2 is due to pho-
toexcitation of the carriers. The terms labeled c-c and c-c' refer to carrier-carrier 
scattering of the same and different types respectively. Carrier,-phonon scattering is 
represented by the term labeled c-ph. The loss term is dominated by non-radiative 
recombination of electrons and holes. 
For bulk materials with parabolic bands the absorption of a photon energy 
nw > E9 creates an e-h pair with kinetic energies 
EU) _ (nw - E9 )memh 
exc - (me+ mh)mj ' j = e,h (3) 
Where mi is the electron or hole effective mass. Photoexcitations from the light 
hole (LH) and split-off hole (SOH) bands are usually neglected for GaAs bulk 
due to their small contributions for excitations. near the bottom of the conduction 
band. The free carrier absorption will change the effective carrier density by the 
following approximate rate 
afca ( ) Gjca = --G w;t 
aw 
(4) 
where G(w; t) are the rates of change of the e-h density due to one- and two-photon 
absorption: 
(") "( ) G . ( . ) "' ! aJ I J t 3 w, t - 3 . t ' J.nw j = 1,2 (5) 
where j labels the one and two photon process and Ij(t) is the excitation power 
density. Using Equation 2 we can write the rate equations for the change of carrier 
densities (n) and energy (E) respectively 
dn(t) = (dn(t)) (dn(t)) (dn(t)) 
dt dt exc + dt iv + dt loss (6) 
dE(t) = (dE(t)) (dE(t)) (dE(t)) (dE(t)) 
dt dt + dt + dt + dt 
exc c-ph c-c1 loss 
(7) 
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The term labeled iv in Equation 6 represents the carrier density change due to 
intervalley scattering. The energy transfer between carriers and phonons and car-
riers and other types of carriers is contained in the terms labeled c-ph and c-c'. 
The energy change due to c-ph interaction can be written as follows, 
( dE(t)) = _ modes couplings nw· (dNi(q, t)) dt ~ ~ J dt . 
c-ph J i ph-c,i 
(8) 
Using the Holtzman equation for phonons we can express the phonon generation 
rate as follows [26,29], 
dN(q,t) 
dt (9) 
Using Fermi's "Golden rule" one can express the ph-c term in the following form 
[29-31] 
(dNJi't)) = 2; M(q) X Ek f(k, t)[l - f(k - q, t)] X [N(q, t) + 1] ph-c 
x 8 (E(k - q) - E(k) + nw) - f(k, t) [1 - f(k - q, t)] (10) 
x N(q, t) x 8 (E(k) - E(k - q) + nw) 
where f(k,t) is the electron occupation number. M(q) is given by the interac-
tion Hamiltonian H(±) for phonon emission and absorption and the corresponding 
quantum-mechanical transition amplitudes as follows [26,29]: 
I< k =f q,Nq ± 1 I H(±) I k,Nq >1 2 = M(q). (Nq + i ± i) (11) 
where we have simplified the notation of N(q,t) to Nq. For the Frohlich and defor-
mation potential carrier-phonon interactions we have, respectively, the following 
expressions for M( q) [29,30] 
and 
1 2 (1 1) 1 MF(q) = - 21re nw h - - - • -V P foo fo q2 
1 D~-n Mii = __ ,_J_ 
V2pwph 
(12) 
(13) 
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where Dij is the appropriate deformation potential for scattering between valleys 
i and j, Wph is the frequency of the phonon involved, and pis the material density. 
In Equation 12 we have neglected the LO phonon dispersion and used just the 
zone-center frequency. This is justified by the 1/q dependence of the Frohlich 
interaction which leads to small-q phonons domination of this scattering. 
Frohlich Interaction 
For the Frohlich interaction, we can rewrite Equation 9 in a more general 
form using the results of Equations 10 and 12: 
dNq l [ ( )] (dNq) dt = 3 · -AqNq + Bq Nq + 1 + dt 
q ph-ph 
Where Aq and Bq are given by 
with 
E _ (Eq - ELo)2 
qi - 4E ' 
q 
E _ (Eq + ELo) 2 
q2 - 4E ' q 
h2q2 
E=-
q 2m* 
(14) 
(15) 
(16) 
(17) 
Eq1 and Eg2 are, respectively, the minimum energies required by an electron to 
absorb or emit an LO phonon with wavevector q. 
The ph-ph term in Equation 14 is related to the phonon decay and can be 
written as 
( dNq) 
dt ph-ph 
(18) 
where TLo is the LO phonon lifetime. Neg is the LO phonon occupation number 
at thermal equilibrium with the electrons at Te and is given by 
Neq = ( ) exp ~ -1 kbTe 
1 
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(19) 
A theoretical calculation of rr,o is quite complicated and can only give an 
estimate at best. An approximate .lattice-temperature dependence of 'TLO is given 
by the following expression [32]: 
'TLo(T) = T£o(O) [ (~) ] _1 
1 + 2 exp 2k8 T - 1 
1 (20) 
Where T£o(O) is the zero-temperature limit. This expression gives a room tem-
perature (RT) value of 'TLo(RT) ~ TL~(o) which gives a rather large change of 7£o 
with T compared to the measured values. For instance bulk GaAs has 'TLO ~ 7 ps 
at 5 K and 'TLO ~ 4 ps at RT [7]. This has led most theoreticians to rely on the 
experimental values for 'TLO in their calculations. 
Combining Equations 14 and 18 we have completed the expression of the 
phonon Boltzman equations. These are inhomogeneous linear first-order differ-
ential equations that can be solved by direct numerical integration or by using 
ensemble-Monte Carlo techniques. Under the assumption of nondegenerate elec-
trons with Boltzman distribution and temperature Te one can integrate Equation 
14 to obtain [26,27,30]: 
dNq _ 2 e2 
dt - WLO nc (21) 
Intervalley Scattering 
Intervalley scattering is due to the deformation potential electron-p~onon 
interaction as given by Equation 13. This scattering mechanism involves large-
q phonons which are not observable by light scattering experiments. Intervalley 
scattering is represented by arrows 2 and 3 in Figure 13 where we show a schematic 
representation of the GaAs band structure. This is a very fast process whose main 
effect is to reduce the electron population in a given valley. For electrons with 
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Figure 13. A schematic representation of the GaAs energy band structure. Arrow 
1 indicates intravalley scattering while 2 and 3 indicate intervalley 
scattering 
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energy E in the ith valley, the rate of change of their occupation number is given 
by [26,31] 
(22) 
Where Nii is the occupation number of the zone-edge phonons with frequency Wij· 
!:iEj is the minimum energy of the jth valley measured from the bottom of the 
conduction band. mi is the density-of-states mass of the electrons in the jth valley, 
3/2 ( )1/2 m· = m:!?m~m~ J J J 3 (23) 
In the case of our experiment the electrons are initially excited into the r 
valley. The electrons that have sufficient energy will immediately undergo inter-
valley scattering. This process is very fast and occurs within the first 100 fs after 
excitation [16,25,33]. Once in the X or L valley, the electrons will take a long time 
to return to the r valley due to the large effective mass in these valleys. The re-
turn time of the electrons is on the order of 10 ps or more [51]. Thus, for the time 
scale of our experiment which is about 2 ps the electrons that undergo intervalley 
scattering are essentially lost and their subsequent effect is minor. We have in fact 
experimentally verified this by exciting the electrons above and below the energy 
threshold for r-to-X intervalley scattering and observed practically no difference 
in our measured hot phonon generation rates. 
Nonparabolicity 
The theory at hand assumes parabolic bands which is not a bad approxima-
tion for low energy electrons. However, when the carriers are excited higher up in 
the conduction band the nonparabolicity of these bands becomes important and 
must be considered as can be seen in Figure 13. The main effect of nonparabolic 
bands is to decrease the e-ph interaction time, thus increasing the hot phonon 
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generation rates. This is discussed in great details by Collins and Yu [26,30]. The 
decrease in Te-LO is estimated to be about 20 % for a r electron with energy E=500 
meV in GaAs bulk. The nonparabolicity of the conduction band in GaAs bulk is 
expressed within the Kane model by the following expression [34]: 
(24) 
Where a and f3 are constants estimated to be about 0.577 (eV)-1 and 0.047 (eV)-2• 
Phonon Models in GaAs/ AlxGa1-xAs QW's 
Mesoscopic semiconductors are considerably more complicated to treat the-
oretically than bulk materials. Due to the added symmetry in the z-direction, 
drastic changes occur in both the electronic properties and the phonon modes. 
Quantum confinement of the carriers occurs and results in the appearance of elec-
tronic subbands. Thus, the simple plane-wave approximation used in the bulk case 
is no longer valid. In addition, these subbands can become highly non-parabolic 
for narrow QW's. This is especially true for the hole bands where the heavy-hole 
(HH) and light-hole (LH) mixing is very important [35,36]. The e-h generation 
process is also influenced by the presence of subbands which leads to an "initial" 
electron energy distribution that is far from being monoenergetic as in the bulk 
case. 
On the other hand, the phonon spectrum is also quite different from that of 
bulk materials. Due to the folding of the brillouin zone, several modes with large 
q become accessible to Raman scattering (see Figure 17 in the next Chapter). In 
addition, special interface modes appear with dispersion curves overlapping those 
of the confined modes and adding more complications to any theoretical treatment 
of the QW problem. Despite the theoretical complications involved, several phonon 
models can be found in the literature. The inherent complexity of the problem 
generated a lot of controversies among these models as one would expect. In the 
following we will give a brief account of each of these models and give an update 
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as to which of them most reliably describes the phonon modes in 2D systems. The 
origin of the z-axis is taken at the center of the well layer. 
Slab Model 
This model was first developed by Fuchs and Kliever to study dielectric slabs 
of relatively large thicknesses (i.e. several µm) [37,38]. The model was recently 
modified and adapted to study phonon modes in ,semiconductor QW structures 
[39-41]. The slab model uses purely electrostatic boundary conditions at the in-
terfaces leading to Fuchs-Kliever modes with antinodes at the interfaces where the 
potentials vanish. Both the displacement ( Uz) and potentials (V) obtained from 
this model are shown in Figure 14. This model predicts two types of modes in the 
GaAs frequency region. The confined modes have the following potentials [42]: 
{ cos(q,z), n = 1,3,5, ... (25) «Pn(z) = C • 
sin(qzz), n = 2,4,6, ... 
with 
C = [/i(w1, ~ wfo)r 1 
f.ooWLoALz (qJ + q")l/2 
where A is the in-plane normalization area and qz is the phonon wavevector in 
the growth direction (see Equation 29 in the next Chapter). The other modes 
predicted have a strong dependence on the in-plane wavevector qll which is in the 
plane of the QW layers. The potentials and displacements for these modes are also 
shown in Figure 14. Expressions for the potentials of these modes can be found in 
References [39,40,43]. The interface modes are usually Raman active only near an 
electronic resonance which is not the case in our experiments. Therefore, we do 
not observe these modes. 
It is clear that the "mechanical boundary condition" which requires continu-
ity of the displacement at the interfaces is not satisfied by this model. However, 
the overall shape of the potentials resembles more or less those of the microscopic 
calculation which is the most reliable. 
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Figure 14. A comparison between the displacement and potentials calculated 
from different phonon models. The small vertical lines indicate the 
boundaries of the well layer. The plots are for qz=O and qu=0.15 
A-1 (from Reference 42) 
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Guided Mode Model 
This is usually referred to as the continuum model. The main difference 
between this model and the slab model is the boundary conditions used. In this 
case phonon confinement is imposed by requiring vanishing displacement at the 
interfaces. This, of course, will automatically eliminate the existence of interface 
modes which constitute one of the major drawbacks of this model. The only modes 
predicted by this model are the confined modes which have the following potentials 
[5,42,44]: 
{ sin(qzz) + const, 'Pn(z) = C · 
cos(qzz) + const, 
n = 1,3,5, .. . (26) 
n :-- 2, 4, 6, .. . 
Ridley et al. uses this type of modes with const=O meaning that the potentials 
have antinodes at the boundaries [44]. This approximation may not be too bad if 
the barriers are very high (i.e. AlAs layers) and the layer thicknesses are not too 
small (1~100 A). 
Huang and Zhu Model 
In an attempt to critically modify the continuum model as applied to 2-
D semiconductors, Huang and Zhu (HZ) have developed a model that satisfies 
both the electrodynamic boundary conditions and the continuity of the displace-
ments at the interface [45,46]. This is based on a "microscopic" type of approach 
to the dielectric continuum model. They, essentially, modeled the superlattices 
formed with materials A and B as simple cubic lattice of oscillators, associated 
with corresponding electric dipoles. This is possible if one uses a rigid shift .6.w5 
of the dispersion of material B with respect to A. This shift is then considered as 
an added perturbation (not necessarily small) to a lattice of A oscillators. The 
phonon potentials developed for the confined modes in this model are expressed in 
the following form [42,45]: 
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{ sin (.l:!:E!S. z) + C L <I>n (z) = C' • Lz nLz' 
cos (~:z) - (-1rt2 , 
n = 3,5, 7, .. . 
n = 2,4,6, .. . 
(27) 
with µ3 = 2.86, µ5 = 4.91, µ1 = 6.95, C3 = 1.95, Cs= -1.98, C1 = 2.00, and C' is 
C'= 1/2 { [ 2] }-1/2 [ fi(W£o - Wfo)] . 1Lz/2 dz q~ <I>!(z) + (8<l>n(z)) 
2EooWLoA -Lz/2 oz 
The original expression of the phonon modes in this model have caused a lot 
of confusion due to a rather strange numbering of the confined modes [45]. It also 
added to the already existing controversy on which of the modes are represented by 
sines and which are represented by cosines. It was not until very recently that some 
promising attempts were made to clarify the origin of this confusion [42,47]. On 
one hand, the sophisticated microscopic calculation by Riicker et al. successfully 
presented a rigorous and solid ground for comparing all the phonon models [42]. 
On the other hand, the recent reformulation of the slab model has led Weber [47] 
to the conclusion that the n=l mode simply does not exist in the HZ model and 
the odd modes numbering should start at n=3,5,7 ... as shown in Equation 27 . 
Thus the odd modes numbering is augmented by two compared to the continuum 
model while the even modes retain the same numbering. The HZ model is thus far 
the most widely accepted model in describing the electron-LO phonon interactions 
in QW's and SL's. 
Microscopic Models 
These types of models are rather complicated and difficult to use. Most of 
them require a lot of computer time and power. They are usually used in very 
simple sample structures to test other easier models such as those presented above. 
Recently a very sophisticated microscopic model was presented by Baroni et al. 
and Riicker et al.[11,48]. The model is based on first-principles calculations of 
the phonon modes in a 2-D semiconductor system using norm-conserving pseu-
dopotentials in a density-functional linear-response theory. In their report, Riicker 
et al.[42,48] pointed out the inadequacy of the guided mode model in describing 
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the e-ph interactions in a 2-D semiconductor. The results of this model have led 
to resolving the long-standing controversy between the guided mode model that 
predicts small e-ph scatterings compared to the other models. As a result of this 
the guided mode model is becoming more and more questionable whether it can 
properly describe the phonon modes in 2-D semiconductor systems. 
Hot Electron Cooling in GaAs/ AlxGa1-xAs QW's 
Carrier-Carrier Cooling 
Due to carrier confinement and the appearance of subbands, a detailed the-
oretical account of carrier-carrier ( c-c) scattering is very complicated. Both intra-
subbands and intersubbands scatterings have to be considered in addition to the 
nonparabolicity of the valence bands in narrow wells. Intrasubband c-c scattering 
has been studied previously in absorption experiments and found to be extremely 
fast. For instance, c-c scattering times on the order of 25 fs have been reported 
recently [16] for moderate carrier densities ( -1018 cm-3). lntersubband carrier 
scattering was also measured using time-resolved Raman scattering and found to 
be on the subpicosecond range [24,49,50]. Considering the interaction times in-
volved, it is important to note that c-c scattering is the most important cooling 
mechanism for the hot carriers in the initial 100 fs. This process will cool down the 
electrons to a nonequilibrium Fermi-Dirac distribution [27]. Intervalley scattering 
is the second most important initial cooling mechanism since it takes typically less 
than 100 fs to scatter an electron from the r valley to the X or L valley [16,25]. 
The return of the electrons from the satellite valleys to the r valley is a long time 
process because of the differ~nt density of states mass involved [51]. This process 
will not be important in the time scale of our picosecond Raman experiments. 
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Carrier-Phonon Cooling: Frohlich Interaction · 
This is the main path for cooling the r valley electrons and generating the 
nonequilibrium phonon population studied in our experiments. This phonon build 
up leads to the so-called "hot phonon effect" which is manifested in the slowing 
down of the carrier cooling due to reheating by absorption of hot phonons. This 
was once a controversial issue among scientists until concrete experimental and 
theoretical evidence was reported by several groups [26,29,52,53]. The presence of 
this non-equilibrium phonon population is only possible due to the long phonon 
lifetime (rLo ~ 7 ps at 5 K) [21-24,54] compared to the e-10 phonon scattering 
time which is on the order of 200 fs [7,25,55]. Even for hulk GaAs, the theoretical 
models for calculating the phonon lifetimes are rather complicated and only give 
estimated values. The experimental results, however, are more accurate and show 
practically no difference between the phonon lifetimes in bulk GaAs and a variety 
of GaAs/ AlxGa1-xAs QW samples and bulk AlxGa1-xAs alloys [21-24,54]. 
The matrix element of the Frohlich interaction is proportional to 1/q (see 
Equation 12) causing this scattering process to be dominated by small q phonons. 
This is clearly seen in the phase space distribution of the hot phonon occupation 
shown in Figure 15 at several times after excitation for a single QW. This result is 
obtained by Potz and Kocevarassuming bulk GaAs phonons [29]. The distribution 
is clearly weighted heavily near the small q region at times Te-LO < t < 7LO. 
Notice the drastic reduction of the small-q phonons after about 5 ps due to the 
LO phonon decay. Notice also the drastic reduction of the large-q phonons after 5 
ps illustrating their involvement in the rapid process of intervalley scattering. In 
QW's, due to confinement of the modes the minimum phonon wavevector probed 
by Raman scattering experiments is Zz. This q is quite large compared to the 
minimum q for bulk. For comparison, we show in Figure 16 the calculated phase 
space phonon occupation number for bulk GaAs case [30]. This increase in the 
minimum phonon wavevector will significantly reduce the Frohlich scattering in 
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Figure 15. Phase space distribution of the hot phonon population at different 
times after excitation for a GaAs quantum well. The solid (dashed) 
curve is for Lz=25 A (100 A) (from Reference 29) 
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QW's compared to bulk GaAs. This is clearly seen in our experiments as will be 
discussed in the following two chapters. 
Acoustic phonons, on the other hand, have long interaction times with the 
electrons; on the order of tens of picoseconds [29]. Thus, their role in the cooling 
process of hot carriers co~es in much later times and will not be significant in the 
time scale of our experiments. 
Carrier-Phonon Cooling : Deformation Potential Scattering. 
The matrix element for this c-ph interaction is either independent of q or 
proportional to Jq_. Thus, this process is more efficient for interactions involving 
large-q phonons. For instance, intervalley scattering would be the most efficient 
deformation potential scattering since it involves mostly zone-edge phonons with 
large q. From the deformation potential scattering selection rules, the following 
phonons can participate in the intervalley scatterings indicated on the left hand 
side [56]: 
r {::::::} X , 
X {::::::} X , 
X {::::::} L , 
L {::::::} L , 
r {::::::} L , 
X point LO phonons 
X point LO phonons 
all L point phonons 
X point LO and LA phonons 
L point LO and LA phonons 
For instance, the scattering by TO and TA phonons are forbidden for a r to 
X and a r to L valley. 
CHAPTER V 
CONFINED-TO-PROPAGATING LO PHONON TRANSITION 
Introduction 
The problem of localization of elementary excitations in solids is of funda-
mental importance in physics [57]. Recently, there has been considerable inter-
est in the confinement of phonons in GaAs/ AlxGa1-xAs superlattices (SL's) and 
multiple quantum wells (MQW's) [4,9,58-66]. This has been particularly so in 
connection with the ultrafast hot carrier relaxation in these systems through the 
Frohlich electron-LO phonon interaction [5,21-24,30,49,67-69]. The nature of the 
LO phonon confinement affects the electron-LO phonon scattering rate which gov-
erns much of the ultrafast hot electron relaxation. It is well known that optical 
phonons in GaAs/ AlAs SL's or MQW's are almost perfectly confined due to the 
large difference in the frequencies of the optical phonons in these two materials [58-
60]. The optical phonons confined within the GaAs layers (referred to as wells) 
are believed to penetrate only one monolayer into the AlAs layers (barriers) and 
vice versa [9,58-63]. When the barrier is an AlxGa1_xAs alloy instead of AlAs, the 
problem of phonon confinement becomes more complicated [4,64,65]. For instance, 
the penetration depth of the GaAs LO phonons into the AlxGa1-xAs barriers is 
still unknown. Since there exists a partial overlap in energy between the GaAs and 
GaAs-like LO modes, especially for small x, it is possible that the LO phonon wave 
functions extend over several periods [62,64,65]. This leads to the concept of prop-
agating optical phonons much like that of folded acoustic phonons [58,59,64]. The 
question of whether the optical phonons are confined or propagating thus should 
be answered depending on the value of x as well as the layer widths. 
In this chapter we discuss the dependence of confined and propagating op-
tical phonons in SL's on the barrier width Lb. Using the time resolved Raman 
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scattering technique described in Chapter III, we have investigated the two series 
of GaAs/ AlxGa1-xAs SL's with x=0.4 and x=l. Each series was grown with a 
fixed Lz=lOO A while the Lb's varied. Our most exciting findings are: (1) LO 
phonons in the GaAs/ AlxGa1_xAs SL's make a transition from the confined to the 
propagating regime when the barrier width becomes thinner than 20 A for x=0.4 
and 11 A for x=l. (2) the transition is very sharp, occurring within 5 A of the 
barrier thickness for both series. 
Phonon Confinement 
SL's and QW's are formed by alternatively growing two different materials 
one on the top of the other. Although the GaAs and AlAs are lattice matched to 
within about .1 % there is however a large difference in the cation masses between 
the two materials. This corresponds to w(k) branches for the optical phonons that 
are well separated and rather fl.at for the bulk materials. Typical dispersion curves 
are shown in Figure 17 for bulk GaAs and AlAs. Thus, a phonon mode with a given 
frequency in one material has no counterpart of the same frequency in the other. 
The optical phonons are thus confined to one material or the other and decaying 
exponentially beyond the interfaces. The SL structure enhances the periodicity in 
the z direction allowing for the folding of the Brillouin zone into a mini-Brillouin 
zone or SL Brillouin zone. This folding causes new modes to appear at the zone 
center (k=O). These modes can now be Raman active and accessible by optical 
experiments. Figure 17 illustrates in ( a) the zone folding for a GaAs/ AlAs SL with 
Lz=5 ML (or monolayer, where 1ML~2.83 A for GaAs) and Lb=4 ML [63). 
The confinement of optical phonons in GaAs/ AlAs SL's and QW's has been 
demonstrated experimentally using cw Raman scattering, first by Jusserand et 
al. [61). Several peaks have been observed with down shifted frequencies from 
the bulk LO phnon frequency. These modes are labeled LOn where n=l,2,3 ... and 
n=l being the highest frequency or first confined mode. From a linear chain model 
with alternating AB/ AC structure where A=As, B=Ga, and C=Al, we can obtain 
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Figure 17. (a) Calculated phonon dispersion curves for Lz=5 ML, Lb=2 ML, and 
x=l showing the Brillouin zone folding. Superimposed are the GaAs 
bulk (solid) and AlAs bulk (dashed) dispersion curves. (b) Calcu-
lated and measured GaAs LO and TO frequencies for Lz=Lb=7 ML 
and x=l (from References 63 and 70, respectively) 
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an expression for the quantized phonon wave vector in the z direction as follows 
[59]; 
n = 1,2,3, ... (28) 
Where n1 is the number of monolayers of a specific material and a1 is the monolayer 
thickness (i.e. a1 ...:... 1 ML). Equation 28 is usually approximated by the expression 
obtained from a particle in the box type of analysis. This is given by [4] 
n1r 
qz = - , n = 1, 2, 3, ... 
L 
(29) 
Where L = n1 a1 is the thickness of the layers. Equation 29 is a reasonably good 
approximation as long as the difference between L and ( n1 + 1 )a1 is not too large 
as is the case for small layer thicknesses. 
From the cw Raman spectrum we can then map out the LO phonon dis-
persion curves for the bulk constituents materials of an SL sample. This is done 
by associating each of the LOn peak observed in the cw Raman experiment with 
the corresponding wave vector determined from Equation 28. This is particularly 
important for materials such as AlAs which are not available in the bulk form. 
Figure 1 7 shows in (b) the measured and calculated GaAs bulk phonon dispersion 
curves for the LO and TO- modes obtained from an SL sample with Lz=Lb=7 ML 
[70]. The cw Raman selection rules are such that the even modes (n=2,4,6, ... ) 
and odd modes (n=l,3,5, ... ) are observed in the polarized and depolarized Raman 
spectra, respectively [4]. 
Previously, most of the information concernmg the confinement of LO 
phonons in SL's and MQW's has been obtained from cw Raman scattering [4,9,58-
64]. In a cw Raman experiment, the confinement is observed in the form of a shift 
in the LO phonon frequency to lower energy, or the observation of multiple peaks 
with down shifted frequencies [4]. However, the frequency shift is too small to 
observe unless the quantum well is much thinner than 100 A due to the relatively 
flat LO phonon dispersion curve. It is also very difficult to resolve the question 
of confined or propagating LO phonons by cw Raman scattering even when the 
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wells ( or barriers) are substantially thin such that multiple peaks corresponding 
to different points in the Brillouin zone are observed. Another technique to probe 
phonon confinement in SL's and MQW's has been discussed recently by Kim and 
Yu [27,28,66,71]. This is the same technique described in Chapter III and referred 
to as one-beam-excite-and-probe. As shown in Figure 16 of Chapter IV, Raman 
active LO phonons usually occupy a narrow strip of the LO phonon phase space 
distribution, typically with nonequilibrium phonon occupation numbers near the 
peak of the distribution [26,30]. In bulk materials, the Raman active wave vec-
tor ( q=qo) is determined by the energy-momentum conservation of the scattering 
process. In our backscattering configuration we have 
(30) 
where n is the index of refraction (n=3.6 for GaAs), ..\ is the laser wavelength, and 
(} is the incidence angle external to the sample (i.e. the angle between the normal 
to the sample and the incident laser). For confined optical phonons, q is primarily 
determined by the Lz's as can be seen in Equation 29. Away from resonance, the 
first quantized LO phonon mode is the most Raman active [58,59]. For the GaAs 
LO mode of our samples this corresponds to 
7f 6 -1 qz = Lz = 3.1 X 10 cm (31) 
This difference in the q between bulk and confined phonons has a significant effect 
on the phonon generation rates. This is due to the 1/q dependence of the Frohlich 
electron-LO-phonon interaction Hamiltonian which is responsible for the nonequi-
librium phonon distribution. Using Equations 30 and 31, the 1/q dependence 
results in the following factor: 
(3= (qz) 2 = (3.1 X 106cm-1 ) 2 ~ 13 
q0 8.4 X 105cm-1 
Thus, about a factor of 13 reduction is expected in the generation rate of the 
confined LO phonons compared with that of bulk LO phonons. 
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Using this technique, Kim and Yu have recently observed a continuous reduc-
tion of the hot phonon generation in a series of GaAs/ AlAs samples with decreasing 
well widths [27,66]. This observation was explained by the increasing Raman wave 
vector with decreasing Lz 's, thus resulting in a small generation rate due to the 
1/ q dependence. Unlike confined phonons, propagating phonons can have Bloch 
wave vectors equal to those in bulk materials [4,63]. This results in a bulklike gen-
eration rate of the Raman active phonons. Since our picosecond Raman scattering 
technique is very sensitive to the magnitude of q, it has proved to be an ideal tool 
to investigate whether optical phonons are confined or propagating in SL 's. 
Experimental Results 
Typical hot phonon Stokes and anti-Stokes Raman spectra are shown in 
Figure 18. The peaks labeled 101 are the GaAs Stokes and anti-Stokes phonons 
in the well layers. The other peak labeled LO~ is the Stokes component of the 
GaAs-like LO phonon from the barrier layers. Notice in particular the drastic 
reduction of the anti-Stokes peak 101 in (b) as Lb increased from 5 A to 50 A due 
to confinement. The 7 cm-1 width of the laser pulses used is narrow enough to 
resolve both the GaAs and GaAs-like LO peaks for the x=0.4 series. In this chapter, 
we will mainly concentrate on the GaAs LO phonons unless otherwise specified. 
In order to determine the hot phonon population N q from our Raman spectra, we 
have to measure the Stokes (Is) and anti-Stokes (!As) integrated intensities. These 
intensities are related to Nq through the Raman cross sections as follows: 
(32) 
(33) 
where us and u AS are the Raman cross sections for Stokes and anti-Stokes respec-
tively and 10 is the excitation intensity. For nonresonant Raman scattering it is 
known that the following relation holds [26,72]: 
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Figure 18. Typical Stokes (a) and anti-Stokes (b) Picosecond Raman 
spectra. The upper and lower spectra are for Li,=5 A 
and Li,=50 A, respectively (T=16 K) 
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Using this to solve Equations 32 and 33 for Nq we obtain the following result: 
1 
Nq=-1--
-f:i - 1 
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(34) 
(35) 
It is important to note that we always keep a bulk GaAs sample in the dewar 
next. to our SL samples. The purpose of this is to normalize our measured phonon 
populations to that of bulk GaAs and minimize the sources of error. The bulk 
sample also provides us with a reference point to keep our experimental conditions 
the same from day to day. This is done by adjusting the excited carrier density to 
yield Ng ~ 0.3 for bulk GaAs. 
At resonance with an excitonic transition Equation 35 no longer holds. This 
is due to the invalidity of Equation 34 since, in general, the Stokes and anti-Stokes 
Raman scattering cross sections would be affected differently by the resonance. The 
effect of any such resonances has been carefully checked by measuring the Stokes 
intensity as a function of the lattice temperature between 15 and 300 K. This is 
possible since the change in the band gap energy over this temperature range is 
much larger than the LO phonon energy. No significant enhancement was found 
except for the samples with x 0.4, Lb=20 A, and x=l, Lb=6 A. To compensate 
for the resonance effect on these samples, we have performed our experiments at 
170 Kand used the thermal phonon population to obtain a correction factor. The 
thermal phonon population is given by 
Nth= ( ) 
exp n~q,0 - 1 
1 
Nth is then measured at very low carrier densities ( to reduce the hot phonon pop-
ulation) by enlarging the laser spot size on the sample. The correction factor is 
then obtained by comparing the calculated and measured Nth· 
In our experiments, we measure the dependence of Nq on the laser power 
P to extract the low carrier density regime. A plot of N q versus P is shown in 
52 
Figure 19 for two QW samples and bulk GaAs. Notice the linear dependence 
that prevails at low powers which increases our data redundancy. The slope of 
this line (dNg/dP) is measured and compared to that of bulk GaAs. Considering 
the linear dependence of Nq on P, the laser pulse duration, and the low carrier 
densities used in our experiments, we can rule out the presence of any phonon 
relaxation effects. This is due to the fact that the Raman active LO phonon 
population in our case is still rising and has not yet reached its maximum ( at 
-2-3 ps) [21,22,30,68,69]. This is consistent with experiments that showed the LO 
phonon lifetime to be rather insensitive to alloying or superperiodicity [21,22,24,68]. 
Thus, dNg/dP is proportional to the average generation rate of the Raman active 
LO phonon (dNq/dt) for a fixed laser pulse width. We directly use dNq/dt as our 
experimental data. A plot of dNq/dt normalized to that of bulk GaAs is shown in 
Figure 20 as a function of Lb for two series of GaAs/ AlxGa1_xAs SL's with x=l 
and x=0.4. 
For SL's with x=0.4 and Lb ~20 A, or those with x=l and Lb ~11 A, the 
dNq/dt's are around 10 % that of bulk GaAs. The fact that we observe almost 
the same dN q / dt over such wide ranges of x and Lb indicates that the hot phonon 
generation is rather insensitive to the detailed electronic band structure. This is 
probably because the momentum-energy conservation of the electron-phonon scat-
tering, which would result in smaller dNq/dt with increasing electron confinement 
[27,44,66], is relaxed due to the interface imperfections [21,22,24,64]. As a result, 
the hot phonon generation rate is mainly governed by the number of photoexcited 
electrons and the magnitude of the Raman active wave vector, not by the detailed 
electronic band structure. The confined phonons in both x=0.4 and x=l series are 
also consistent with the off-resonance Raman selection rules [58,59]. 
In Figure 18 we have seen the presence of the GaAs-like barrier phonon 
peak (LOD. There are two other Raman active modes called AlAs and AlAs-like 
present in the barrier layers. We have found dNg/dt of these barrier phonons to 
be too small in these samples even when the barrier was sufficiently thick to allow 
for a significant Raman cross section. This is easily understood since the barrier 
O' 
z 
GaAs/ AlxGa 1_xAs 
0 
L = 100 A 
z 
0.2 
/ 
0 
• 
D 
• 
• Bulk GaAs 
Q Lb=lO A 
0 Lb=30 A 
D 
0.0 --...i.=...;....i..____;;;i:__-1---J.~-'--.....L---J.~-'--.....I----L~...L..-.....I-----I 
0 50 100 
Laser Power ( mW ) 
53 
Figure 19. Nq versus the laser power for bulk GaAs and two QW samples illus-
trating the drastic difference between the confined and propagating 
LO phonons 
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Figure 20. Measured hot phonon generation rates of GaAs LO phonons as a 
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phonons are now faced with the 100 A thick GaAs layers acting as "phonon.-
barriers". In addition, most of our samples have barrier layers that are at most 
half the thickness of the GaAs wells leading to a larger q for these phonons and a 
much smaller dN q / dt compared to that of confined GaAs LO phonons. From this 
observation, we conclude that the GaAs-like, AlAs-like, and AlAs LO phonons 
of the barriers are all well confined for x=l and x=0.4. In addition, it is also 
important to note that the excited hot carriers will have much lower excess energy 
in the barrier region leading to very small populations of the barrier phonons. 
Between Lb=15 A and 20 A for the x=0.4 series, and Lb=6 A and 11 A 
for the x=l series, dNq/dt shows a sudden increase to almost the same value as 
that of bulk GaAs. The Raman active non.equilibrium phonon population of bulk 
GaAs is already close,to the peak of the hot phonon distribution. This excludes ef-
fects such as interface imperfection and electron confinement to be possible causes 
to this sudden increase in dNq/dt. These factors tend to broaden the non.equilib-
rium distribution and thus decrease the generation efficiency relative to bulk GaAs 
[21,22,27,66]. Another possible factor is intervalley scattering which is important in 
picosecond and subpicosecond cooling of the hot electrons. As discussed in Chap-
ter IV, it only takes about 100 fs or less to remove the high energy electrons from 
the r valley [16,25,27,28,25,69,71]. However, Kim and Yu have recently shown that 
intervalley scattering rates are essentially the same for bulk GaAs and quantum 
wells of the order of 100 A or larger [ 66]. This can be easily understood since 
intervalley scattering involves zone edge phonons. These phonons have large wave 
vectors and are not measurable by a light scattering experiment. Furthermore, 
the electrons that undergo intervalley scattering are not very efficient in producing 
Raman active hot phonons since they remain mostly in the Lor X valley within 
our time scale [33]. Therefore, the effect of intervalley scattering on our samples 
is practically constant. 
We have also performed our picosecond Raman scattering experiments using 
the dye laser described in Chapter III. The purpose of these experiments is to 
check for any energy dependent effects such as band structure and intervalley 
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scattering. We have performed .similar picosecond Raman scattering experiments 
at different excitation energies. We checked for intervalley scattering effects on our 
measured hot phonon generation rates by exciting the carriers just above and below 
the X valley minima. Our results showed no significant change in the measured 
hot phonon generation rate. Therefore, the effect of intervalley scattering on our 
measurements should be very small. and negligible. In Figure 21 we show the 
measured hot phonon generation rate for the x=0.4 series at 2.33 eV and 2.10 eV 
excitations. It is clear from the figure that the results are very similar indicating 
that any band structure effects due to the variation in Lb is minimal. Our results 
are, thus, due to changes in the phonon properties. 
Discussion and Conclusions 
There is the possibility that the property of the interface phonons could be 
crucial in determining the penetration and the coupling of the optical phonons 
across the barriers since some of these phonons can penetrate the adjacent layers 
as much as the confined phonons do [73]. In general, these modes are not Raman 
active unless near a strong resonance as we mentioned in Chapter IV [64]. This 
is not the case in our experiments, therefore we do not observe such interface 
phonons. In addition, Tsen et al. have shown in a recent letter that the hot 
electron interaction with the interface phonons in GaAs/ AlAs superlattices is weak 
for Lz=70 A and decreases with increasing Lz [72]. In our samples with large Lz 
(100 A), we expect the contribution of the interface phonons to our measured GaAs 
LO phonon population to be relatively small. 
Due to the large range of x and Lb's considered in our experiments, it is 
necessary to consider the effects of the energy band structure variations with Lb 
in more detail. We have, therefore, conducted photoluminescence (PL) and pho-
toluminescence excitation (PLE) measurements on each sample series [74]. We 
have also calculated the electronic band structures using Schulman and Chang's 
tight binding model [35]. The observed changes in the electronic energy levels are 
rather slow and gradual although Lb changes over a wide range of values. This is 
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in contrast with our observed transitions at x=l and x=0.4. Therefore, the effects 
of the electronic band structures variations with Lb only have a minor influence on 
our observed phonon generation rates. This is well supported by our results shown 
in Figure 21 where we observe a similar sharp transition for x=0.4 at two differ-
ent excitation energies. Therefore, the observed changes in the phonon generation 
rates are mainly due to the changes in the phonon confinement. 
From all of the above considerations, we conclude that the bulklike nonequi-
librium phonon population observed in some of our SL samples is only possible 
if we have bulklike, extended optic phonon wave functions. Therefore the sudden 
increase in dNq/dt is a clear indication of a sharp transition from the confined to 
the propagating optical phonons. The transition occurs when the LO phonon wave 
functions of adjacent wells begin to have phase coherence by coupling to each other 
in the barriers. This is the first time such transition from confined to propagating 
phonons has been observed [14]. To our knowledge, the transition we observe is 
thus far the sharpest localized-to-delocalized transition of any elementary excita-
tions in SL 's where only the layer widths are varied. The two observed transitions 
are rather sharp and reflect the unique capability of time resolved Raman scatter-
ing in probing the extent of LO phonon wave functions. 
To show that the phonon generation rates of the propagating optic phonons 
can be indeed bulklike, we consider a wave function of a propagating Raman active 
mode that can be written in the following Bloch form: 
(36) 
where Uq(z) has the periodicity of the superlattice and q0 is equal to that of bulk 
GaAs [9,75]. This mode is dominated by the bulklike Fourier component exp(iq0z) 
when Uq(z) corresponds to the first quantized mode (i.e. the half-wavelength mode 
with its peaks in the center of the GaAs wells as shown in Figure 14 of Chapter 
IV). In the limiting case of Lb=O, we obtain the bulk wave function since Uq = 1 in 
this case. Therefore, the phonon generation rate of the propagating Raman active 
mode is similar to that of bulk, consistent with our results. 
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The exact treatment of the phonon generation rates as a function of Lb is a 
rather involved theoretical problem and is beyond the scope of this chapter. As 
we have discussed in Chapter IV, a rigorous calculation of the electron-phonon 
interaction in QW structures is a rather complicated problem that still challenges 
theoretical physicists. In the following we will try to get some qualitative under-
standing of the observed dependence of dN q / dt on Lb by applying a simple Fourier 
analysis to the phonon modes. We start by considering the Bloch form for the 
symmetric phonon wave function as in Equation 36 where now: 
Uq(z) = { cosh (1) for - Lb< z <0 
Acos (q(z - ~z)) for O < z < Lz (37) 
with z being the coordinate along the growth direction and,\ is a decay constant. 
The constant A can be determined from matching the two functions at the interface 
(z=O). This gives 
A- 1 
. - COS ( q~z) (38) 
We can Fourier expand W to first order and obtain, 
exp(iqoz) · cosh (1) = b0 exp(iq0 z) + ... - Lb< z < 0 (39) 
Aexp(iqoz) · cos (q (z -1:;)) = aoexp(iq0z) + ... 0 < z < Lz. (40) 
Where a0 and b0 are the first Fourier expansion coefficients and are easily expressed 
as 
2.\ . (Lb) bo = y-smh T 
b . 
(41) 
4A . (qLz) 
ao = qLz sm 2 (42) 
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To first order approximation in the expansion of \JI the GaAs phonon generation 
rate can be expressed in the following form: 
dNq laol 2 
-- oc ----=----= 
dt laol 2 + lbol 2 (43) 
After substitution of a0 and b0 we get the following approximate expression for the 
hot phonon generation rate, 
dNq oc 1 (44) 
dt [ q2 f ~ cot 2 ( ~)] £i sinh 2 ( ~) + 1 
As we can see, Equation 44 clearly follows the trend that the GaAs LO 
phonon generation rate should increase with increasing well size Lz. In addition, 
the expression also shows a barrier with dependence of this generation rate similar 
to our experiment. The GaAs LO phonon wave function decays exponentially as it 
penetrates the barrier layer. This LO phonon penetration depth is fixed for a given 
x value of the barrier. We believe that when the barrier becomes thin enough the 
exponential decay is not complete and the phonon wave functions in adjacent wells 
are able to couple to each other in the barrier. This is manifested by an increase in 
the Fourier component ( a0) of the wave function. We have used Equation 44 with 
q=q0 and A as an adjustable parameter to fit our data for x=l and x=0.4. The fit 
predicts rather well the observed phonon transition for both series of samples as 
shown in Figure 20. The values obtained for A are 3 A and 8 A for x=l and x=0.4, 
respectively. These values of A will be discussed further in the next chapter. For 
the moment, it suffice to say that A is related to the GaAs LO phonon penetration 
depth into the barriers. 
As a conclusion to this chapter we would like to summarize what we have 
done so far. We have performed a systematic study of the generation of hot LO 
phonons in GaAs/ Al0.4 Gao.6 As and GaAs/ AlAs SL's as a function of Lb. Using 
time resolved Raman scattering we have observed a sharp transition from con-
fined to propagating LO phonons in both series of samples. This is the first time 
such a transition of LO phonons in GaAs/ AlxGa1_xAs SL's and QW's has been 
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reported. We have therefore shown that the question of confined or propagating 
optic phonons in SL's should be answered carefully depending on the barrier widths 
and the alloy concentrations. A simple theoretical approach based on a Fourier 
analysis of the phonon modes was used to fit our hot phonon generation rate data. 
Good. agreement was obtained between the data and calculation. 
CHAPTER VI 
LO PHONON PENETRATION DEPTH MEASUREMENTS 
Introduction 
The two-mode behavior of the optical phonons in the AlxGa1_xAs barri-
ers allows for considerable overlap in energy between GaAs and GaAs-like LO 
phonons (in the barrier) for small x. Similarly, the interface phonon modes also 
have dispersion curves lying between those of the different GaAs confined modes 
[4,8,42]. Therefore, it is possible to have extended optical phonon wave functions 
with folded zones much like acoustic phonons for small values of x. The possibil-
ity of propagating LO phonon modes in GaAs/ AlxGa1_xAs SL's and MQW's has 
been suggested previously [4,9,63]. Recently, it has been shown using cw Raman 
scattering in ultrathin superlattices that the AlAs-like modes are indeed confined 
in the alloy barrier [76]. Whether the LO phonons are confined or propagating 
will have important consequences on the physics as well as the device applications 
of these GaAs/ AlxGa1-xAs structures. This is because the electron-LO phonon 
interaction has strong effects on the hot electron mobility [77]. 
In this chapter, we investigate LO phonon confinement in several series of 
GaAs/ AlxGa1_xAs SL's with aluminum concentrations ranging from x= 0.12 to 
x=l. Using the time-resolved Raman scattering technique described in Chapter 
III we can determine the penetration depth of GaAs LO phonons into the alloy 
barrier regions. Our new and most important findings are: (1) the observation of a 
rapid increase in the GaAs LO phonon penetration depth(..\) into the AlxGa1_xAs 
barriers as x decreases (for instance, ..\ is about 40 A for x=0.3 and >80 A for 
x=0.2); (2) the observation of extended unconfined GaAs LO phonons regardless 
of the barrier thickness for x<0.3. Thus, for most SL's with well-widths (Lz's) of 
100 A or less, the GaAs LO phonons may be regarded as bulklike for x<0.3. 
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Experimental Results 
In Figure 22 we show a picosecond Raman scattering spectra taken at 16 K 
from a QW sample with x=0.20 and L2 =Lb=70 A. Through a careful lineshape 
fit to the spectra the hot phonon occupation numbers of AlAs-like (indicated by 
arrows), GaAs-like, and GaAs LO modes are determined. We have found the GaAs 
and GaAs-like LO phonons to show significant occupation numbers compared to 
bulk GaAs (Nq ~0.3), whereas AlAs-like modes have an occupation number about 
16 times smaller than that of bulk GaAs. Even after corrections for the number 
of modes [21,78,79], the higher frequency of the AlAs-like modes, and the smaller 
excess energy in the barrier, this is still 6 times less than what one would expect 
if the AlAs-like LO modes are propagating. These results indicate that both the 
GaAs and GaAs-like LO phonons are unconfined whereas the AlAs-like modes are 
confined. This is expected since the dispersion of the AlAs-like LO phonons in the 
barrier does not allow modes with frequencies corresponding to those in the GaAs 
well as discussed in Chapter IV. 
The fact that the GaAs-like LO modes and the AlAs-like LO modes, both pri-
marily in the barrier, show such a large ( a factor of 4) difference in their hot phonon 
generation rates unequivocally demonstrates the unique capability of our technique 
to probe the spatial extent of the optical phonon wave functions. The comparison 
of our results with those of bulk GaAs and AlxGa1_xAs alloys [7,21,78,79] indi-
cates that under our experimental conditions, the hot phonon generation rate is 
determined primarily by the spatial extent of the Raman active LO phonons in the 
growth direction and the number of photoexcited electrons. This is true in spite of 
the considerable variation in the electronic band structure from sample to sample 
and the excitation energies ranging between 2 and 2.33 eV. 
We have performed picosecond Raman experiments similar to those in the 
previous chapter on several series of samples with different x. The purpose of this 
study is to investigate the effect that x has on the observed confined-to-propagating 
64 
(a) (b) 
. 
L =L =70 A 
z b 
T=16 K 
(xB) 
-400 -300 300 400 
-1 
Raman Shift ( cm ) 
Figure 22. Picosecond Raman Stokes (a) and anti-Stokes (b) spectra obtained 
from a sample with x=0.2 and Lz=Lb=70 A 
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LO phonon transition. In Figure 23 we show the non-equilibrium phonon genera-
tion rates dNq/dt of the Raman active GaAs LO phonons as a function of Lb for 
the series of GaAs/ AlxGa1_xAs samples with x=0.3. This data was obtained with 
our 2 ps pulses at 2.33 eV and at temperatures of 177 Kand 16 K. The confined-to-
propagating LO phonon transition is clearly observable in this series of samples as 
well. It is important to note, however that the transition occurs at a much larger 
barrier width compared to the results for the series of samples with x=0.4 and x=l 
presented in the previous chapter. In this case, the critical barrier width is about 
80 A while for x=0.4 and x=l this was 20 A and 10 A respectively. This result is 
consistent with the fact that by lowering x, essentially we are lowering the "phonon 
barrier height". Therefore, the critical barrier thickness required to confine the LO 
phonons in the well should increase with decreasing x. It is also important to note 
that the transition we observe for x=0.3 does not seem to be as sharp as the ones 
we observed for x=0.4 and x=l. From this result one might deduce that x=0.3 is 
possibly close to a critical x value where the confined-to-propagating LO phonon 
transition is starting to disappear. 
This is exactly what we observe experimentally when we decrease the alu-
minum concentration below x=0.3. Figure 24 shows our measured hot phonon 
generation rates for several series of GaAs/ AlxGa1_xAs samples with x < 0.3. 
As expected, we do not observe the confined-to-propagating LO phonon transition 
with decreasing Lb in these series of samples. The series of samples considered have 
x=0.2, x=0.18, and x=0.12. In all of these series of samples we measure hot phonon 
generation rates (dNq/dt) that are comparable to that of bulk GaAs regardless of 
the barrier thickness considered. The results are consistent with each other and 
indicate that the GaAs LO phonons are no longer confined by the AlxGa1_xAs 
barrier when x is less than 0.3 .. Thus, the GaAs LO phonons are in this case 
bulklike with wavefunctions that extend over several periods of the superlattice. 
To our knowledge this is the first experimental evidence of the existence of bulk-
like extended LO phonons regardless of the barrier thickness in GaAs/ AlxGa1_xAs 
QW's [80,81]. 
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Figure 23. The generation rates of GaAs LO phonons ploted as a function of Lb 
for the series of samples with x=0.3. The curve is a fit discussed in 
the text 
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Figure 24. Hot phonon generation rates of the GaAs LO phonons as a function of 
Lb for several series of samples with x < 0.3. The individual series 
are denoted by open triangles (x=0.2), open squares (x=0.18), and 
filled squares (x=0.12). The curve is a fit discussed in the text 
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We would like to note that the two data points at Lb = 70 A and x=0.2 in 
Figure 24 represent two samples with different Lz 's. The lower data point is from 
the sample with Lz = 70 A and the upper one is from the sample with Lz = 150 A. 
Notice in particular that the measured dNg/dt is about a factor of two smaller for 
smaller Lz sample. This is consistent with the reduction in the scattering volume 
associated with the change in Lz. 
The barrier widths at which the confined-to-propagating LO phonon tran-
sitions occur are very important experimental points. From these we are able 
to estimate the LO phonon penetration depth (>.) into the barriers. We do this 
by defining >. as 1/2 of the critical barrier thickness at which the confined-to-
propagating transition is observed. This gives us ). ~4.5 A, ). ~10 A, and ). ~40 
A when x=l, x=0.4 and x=0.3, respectively. To our knowledge these are the 
first direct experimental estimates reported for the GaAs LO phonon penetration 
depth >. into the barriers of GaAs/ AlxGa1-xAs superlattices and QW's. Our re-
sult for >. on the x=l series is in good agreement with the theoretically known 
value of about 1 ML (=2.83 A) [4,60,62]. The slightly larger value measured can 
be attributed to interface imperfection which is common in SL's thus making our 
measured value an upper estimate for>.. However, for the x=0.4 and x=0.3 series 
no such theoretical work is available, probably due to the complex nature of the 
alloy barrier. Kobayashi and Roy have predicted the existence of bulk-like propa-
gating LO phonons using a force constant calculation on a sample with Lz=42 A, 
Lb=8 A, and x=0.3 [9]. This is consistent with our experimental results. On the 
other hand, for the series of samples with x=0.2, a penetration depth of 100 A was 
taken as a lower limit since the confined-to-propagating LO phonon transition was 
not observed up to barrier widths as large as 180 A. 
In Figure 25 we plot the measured (circles) LO phonon penetration depth 
>. as a function of x for the series of samples with Lz = 100 A. The striking new 
result is the unexpected sharp increase in ). as x decreased below x=0.4. This is 
clearly shown in this figure. The penetration depth for x=0.4 or x=l is very small 
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Figure 25. A plot of the GaAs LO phonon penetration depth ..\ into the AlxGa1_xAs 
barriers as a function of x. The circles and squares are, respectively, 
the measured and calculated values. The curve is a fit to the data 
as discussed in the text 
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and sharply increases to 40 A for x=0.3. Between x=0.4 and x=0.3 x changes only 
by 0.1 but the penetration depth increases by a factor of 4 from 10 A to 40 A. 
Discussion and Conclusions 
The rapid increase in the penetration depth with decreasing xis not expected 
if one uses an approach such as the Lyddane-Sachs-Teller (LST) relationship, con-
cerning the macroscopic dielectric constant, in obtaining the spatial characteristics 
of LO phonons in SL's (i.e. dielectric continuum model) [5]. Essentially any small 
gap between the dispersions of GaAs and AlxGa1-xAs optical phonons will result 
in confinement of the GaAs and AlAs-like modes in this type of approach. The 
GaAs-like LO phonons in the barriers, possessing slightly lower frequencies, have 
a chance of propagating via higher q modes of the GaAs well. Our results show 
significant penetration of the GaAs LO phonons into the barriers (40 A) when 
x=0.3 where the frequency separation between the GaAs and GaAs-like modes is 
about 10 cm-1 . The macroscopic approach is certainly not suitable in dealing with 
spatial characteristics of LO phonons since the in-plane correlation length is of the 
order of 100 A ( =1/q, where q is the uncertainty of the in-plane wave vector). 
This is due to the fact that for the macroscopic approach to be valid, the in-plane 
correlation length has to be much larger than the well width. 
To obtain valid spatial characteristics one has to perform a microscopic lat-
tice dynamic calculation including the finite phonon lifetime and the interface 
roughness. We can then expect to obtain a strong penetration of the GaAs LO 
phonons into the alloy barriers roughly on the order of x°'n, where a is the lattice 
constant and n is the number of Al atoms required to stop the GaAs modes from 
propagating. We note the good fit obtained with >.(x) "' ! · ;3 as shown by the 
dashed line in Figure 25. Furthermore, since this is essentially a three dimen-
sional problem, one way of looking at it might be from a purely statistical point 
of view. A percolation type of analysis may be a good approach since extremely 
sharp changes in penetration with composition are commonly observed in several 
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disordered systems [82]. A similar analysis is potentially suitable to predict the 
sharp increase in the LO phonon penetration we observe for x<0.4. 
At this point we would like to come back to the Fourier analysis used in the 
previous chapter to fit our hot phonon generation rates for x=0.4 and x=l. We 
have tried to fit our dNq/dt data for x<0.3 with Equation 44 of Chapter V with 
). as an adjustable parameter. The result is excellent as shown in Figure 24. The 
best fit to the data is obtained for ). ~ 100 A. This is in good agreement with 
our estimated lower limit value for ). on the order of 100 A. It is important to 
note that the fit is not very sensitive to small changes in ). which is consistent 
with the similar values measured for dNq/dt in all the samples with x<0.3. This 
is easily understood since already at x=0.2 the GaAs and GaAs-like LO phonons 
of the wells and barriers, respectively, have so much energy overlap and hardly 
experience any phonon barriers ( see Figure 22). 
For the series with x=0.3, we were again able to obtain an excellent fit 
to the dN q / dt data by using Equation 44 of Chapter V; The fit is shown by 
the solid curve in Figure 23. In this case the best fit is obtained for ). = 
40 A. Compairing the fitting values of). to our measured values we obtained an 
excellent agreement between theory and experiment for all our x values. This is 
rather surprising considering the simplicity of the theory and the range of values 
of x and Lb considered. The theoretical values of ). are shown by open squares in 
Figure 25. We believe that at the intermediate values of x between 0.2 and 0.4 the 
LO phonons are possibly in a mixed state between confined (x ~ 0.4) and propa-
gating (x ~ 0.2). The exact functional form of the phonon generation rate is more 
complicated especially in the intermediate values of x and could be affected by sev-
eral factors which are not included in our simplified analysis. Some of these factors 
could include the change in the electronic band structure with x and the interface 
properties of the samples. The complexity of the alloy barriers involved in these 
systems in addition to the presence of energy subbands have challenged many the-
oretical physicists. This is apparent from the very slim literature available on this 
subject. Recently, there was an attempt by Colombo et al. to address the results 
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of our previous letter [14,83]. Their calculations on lattice dynamics and Raman 
backscattering intensities are in excellent agreements with our previous letter as 
well as our recent results [14,80,81]. Some other theoretical work in this area is 
being carried out by several groups [84,67]. More detailed theoretical studies on 
the phonon properties in and near the alloy barriers including the interface and 
bulk phonons are much needed for a complete understanding of the LO phonons 
and the extent of their penetration into the barriers. 
Our results have immediate consequences on the problem of electron-LO 
phonon interaction in these GaAs/ Al~Ga1_xAs nanostructures. This interaction is 
very important for ultrafast device applications and has been under a lot of inves-
tigations. Previously, it was believed that the 2-D nature of the optical phonons 
could significantly modify the electron-LO phonon scattering rates [5]. Recently, 
the more conclusive microscopic calculation by Rucker et al. ( discussed in Chapter 
IV) showed that the total electron-LO phonon scattering rates (including GaAs 
and AlAs interface phonons) is essentially the same as that of bulk GaAs for 
GaAs/ AlAs QW's with Lz=lOO A. This is consistent with our results when con-
sidering the contribution of the "confined" GaAs LO phonons probed in our ex-
periment. Furthermore, our results show that the electron-LO phonon scattering 
rates for these "confined" GaAs modes are essentially the same as that of bulk 
GaAs phonons for x<0.3 regardless of the barrier thickness considered. This result 
comes directly from our experimentally measured bulklike phonon generation rates 
for x<0.3 as shown in Figure 24. 
In conclusion, we have shown that GaAs LO phonons in GaAs/ AlxGa1_xAs 
MQW's demonstrate bulklike properties for aluminum concentrations less than 0.3. 
Using the time resolved Raman scattering technique discussed in Chapter III, we 
have determined the penetration depth of GaAs LO phonons into the AlxGa1_xAs 
alloy barriers. By investigating several series of samples we have found a strong 
dependence of ,\ on x. We have discussed important implications of this finding 
on electron-LO phonon scattering rates in these MQW or SL structures. In par-
ticular, we have shown that the electron-LO phonon scattering rates for the GaAs 
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"confined" phonons are practically the same as that of bulk GaAs phonons when 
the alloy composition is lower than 0.3 regardless of the barrier width considered. 
Good agreement was obtained between measured >.'sand those obtained from our 
simple Fourier analysis discussed in Chapter V. Furthermore, we have proposed a 
purely statistical approach (percolation) to this complicated problem. Since many 
GaAs/ AlxGa1_xAs MQW's or SL's are grown with x near 0.3, this work will prove 
useful to both physicists and device engineers. 
CHAPTER VII 
QUANTUM BEATS AND EXCITON DEPHASING MEASUREMENTS 
Introduction 
Many-body interactions in solids are of fundamental general interest. In 
semiconductor materials, these interactions are coulombic in nature and involve 
the scattering of excitons with free carriers, other excitons, and lattice vibrations 
or phonons. It was not until recently that experiments could be designed to study 
such interactions due to their extremely short time scale (on the order of few tens of 
femtoseconds) [16,86]. One of the most commonly used techniques is the so-called 
two-pulse self-diffracted degenerate four wave mixing (DFWM). A brief discussion 
of this technique is given in Chapter III. This technique is very well suited for the 
study of ultrafast carrier dynamics in semiconductors. The time resolution of this 
technique is only limited by the laser pulse width. 
Using this technique, Schultheis et al. have investigated the dephasing of 
excitons and free carriers for III-V bulk and QW compounds [87-92]. Exciton-
exciton interactions and the HH-LH beating have been reported first by Gobel et al. 
[93]. In addition, the recent experiments of Kim et al. have shown extreme details 
of the time evolution of the exciton-exciton and exciton-free-carrier interactions 
in several GaAs/ AlxGa1_xAs QW samples [94-96]. Up to date no results have 
been reported on the superlattice (SL) case where Lb is about 50 A or less. In the 
SL case the electrons are no longer confined to the GaAs wells instead they have 
wave functions that extend well into the barriers. This allows for the coupling 
of electrons in the adjacent wells and the formation of minibands. The complex 
nature of these effects have deterred both experimentalists and theorists from the 
study of these structures. 
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In this chapter we will present our DFWM results on a GaAs/ AlxGa1-xAs- SL 
sample with Lb = 50 A. The results from several different experimental conditions 
will be presented. Some of the possible many-body interactions responsible for 
our observed signal lineshapes will be discussed in reference to the recent QW 
results. We will also show the new and exciting results obtained from an MBE 
grown ZnSe layer on a bulk GaAs substrate. The results from the two samples are 
then compared and some important conclusions are drawn. 
Experimental Results and Discussion 
The sample we use £or this study is the GaAs/ Al0•3Gao.1As SL with Lb=50 A 
shown in Table I. The GaAs substrate was removed from this sample following the 
procedure outlined in Appendix A. In Figure 26 we show the photoluminescence 
excitation data (PLE) of this sample taken at 10 K [74]. The figure shows the 
energy positions of the HH and LH excitons at 1.5549 e V and 1.5696 e V respec-
tively. The HH energy position corresponds to a wavelength of about 797.2 nm. 
The figure also shows the spectrum of our laser pulses at the excitation wavelength 
of 798 nm. Notice in particular the broad spectrum of these femtosecond pulses. 
In Figure 27 we show the measured DFWM diffracted signal from this sam-
ple as a function of time delay between the pump and probe pulses. The sample 
is maintained at a temperature of about 10 K. The excited carrier density is in-
tentionally made low and is estimated to be about 109 cm-2• The wavelength of 
the pump and probe pulses is set to 798 nm which is in resonance with the HH 
exciton of this sample. The laser pulse autocorrelation is also shown in this Fig-
ure for comparison. The first thing we notice in this figure is the slow rise of the 
signal at negative time delay. This is much slower that the rise of the laser pulse 
indicating that there is some signal which is detected by the probe pulse at short 
times before the arrival of the pump pulse. In principle this negative time delay 
signal is not predicted if one uses the simple theory involving a noninteracting 
two-level system. On the other hand, one observes a decrease in the diffracted 
signal at positive time delays. This is consistent with the prediction of the simple 
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Figure 26. Photoluminescence excitation (PLE) of our GaAs/ Alo.3Gao.1As sample. 
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noninteracting two-level model. This reduction in signal essentially reflects the 
decay of the polarization created by the pump pulse. The signal is expected to 
be strong at small positive time delays since the polarization created by the pump 
pulse is preserved when the probe pulse arrives. However, at large time delays 
the signal is expected to be very small since the polarization would have already 
decayed before the arrival of the probe pulse. This of course is dependent on the 
decay constant of this polarization which varies with several parameters such as 
the lattice temperature and the excited carrier density. This decay constant of the 
diffracted signal is related to the exciton dephasing time. Depending on whether 
the electronic transition is homogeneously or inhomogeneously broadened we can 
extract two different dephasing times from our data. 
Yajima and Taira have performed theoretical calculations on the DFWM 
diffracted signal (97]. They used the noninteracting two-level system to study the 
temporal lineshape of the signal assuming 8-function excitation pulses. For the 
homogeneous transition one obtains 
) { 0, t < 0 I(t ~ 
exp(tt), t>O 
(45) 
Where T 2 is the dephasing time which can be obtained from the data by an ex-
ponential fit using Equation 45. For an inhomogeneously broadened transition, 
things are more complicated due to the rapid decay of the polarization caused by 
the destructive interference characteristic of an inhomogeneous system. Hence, 
the decay time constant is expected to be much shorter than for the homogeneous 
case. In fact it is exactly reduced by a factor of two. In this case, the expression 
for the diffracted signal intensity as shown by Yajima and Taira is (97] 
I(t) ~ { 0, t < 0 
exp ( r!t) , t > 0 
(46) 
It is important to note that this model does not predict any signal at negative 
time delays in both cases. Even if the excitation pulses are given a finite duration, 
the signal at negative time delays will still only follow the rise time of these pulses. 
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Recently, it-was pointed out by Stafford et al. that a detailed microscopic de-
scription of excitonic interactions is necessary to take into account the many-body 
interactions involved [98]. This has led to a more complicated temporal lineshape 
and the prediction of the signal at negative time delays. It was essentially shown 
that excitons not only interact with the electric field of the excitation pulses but 
also with the polarization of other excitations such as excitons. The diffracted 
signal lineshape calculated by Stafford et al. [98] for a homogeneously broadened 
transition is as follows: 
I(t) ~ { exp (i!), 
exp ( r!t)' 
t<O 
t>O 
(47) 
This theory also predicts no signal at negative time delays for an inhomogeneously 
broadened system. This is because the macroscopic polarization .due to the e-h 
pair interactions decays much faster in this system. 
The sample quality is a major factor determining whether the transition is 
predominantly homogeneous or inhomogeneous. For very high quality QW sam-
ples it is expected to see very long dephasing times of the excitons on the order of 
picoseconds [87-92]. However, for poor quality samples several scattering mech-
anisms contribute to shortening the dephasing time. Among such mechanisms is 
impurity scattering due to rough QW interfaces. 
In Figure 27 we can clearly see a signal from our sample at negative time 
delay. This indicates that our sample is of rather high quality and mostly homo-
geneously broadened. Our PLE data gives a HH peak linewidth of about 2 meV 
which is an indication of the good quality of our sample. An exponential fit to 
the data similar to Equation 4 7 leads to a time constant of 214 fs at long positive 
time delays and two different rise times of 14 7 fs and 55 fs at negative time delays. 
The 214 fs decay constant corresponds to a phase relaxation T 2 between 0.428 ps 
and 0.856 ps for predominantly homogeneously and inhomogeneously broadened 
transition respectively. In a DFWM experiment, one cannot discriminate between 
homogeneous and inhomogeneous broadening. However, a comparison of the rate 
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2/T2 with the PLE linewidth indicates that it is possible that the transition is 
mostly inhomogeneously broadened. There is also another longer time constant 
that is restricted to short positive time delays ( rv0.5 ps). This time constant is 
about 464 fs leading to a phase relaxation between 0.928 ps (for homogeneous 
broadening) and 1.856 ps (for inhomogeneous broadening). Comparing 2/T2 in 
this case to the PLE linewidth indicates that this transition is mainly homoge-
neously broadened. Thus, since both time constants are present in our signal 
decay but the short time constant is dominant, we conclude that inhomogeneous 
broadening is present in our sample. 
Quantum Beats 
Quantum beats is an important nonlinear spectroscopic technique that has 
been used in the study of atoms and molecules [99-101]. However, the first ob-
servation of quantum beats from extended electronic states in condensed media 
was reported independently just a couple of years ago by Gobel et al. [93] in a 
GaAs/ AlxGa1-xAs QW structure and by Langer et al. [102] in AgBr2 • In both 
cases the beats are due to coherent interference between excitonic states that are 
split either by the QW structure of the sample or by an external magnetic field. 
For a simple system with two closely spaced energy levels the beating period is 
related to the energy splitting of the two levels in the following form [103,104]: 
(48) 
Where .6.E = E2 - E1 is the energy difference between the two levels and h is 
Planck's constant. 
Figure 28 shows our measured DFWM diffracted signal at the excitation 
wavelength of 794 nm which. correspond to an energy of about 1.5611 eV. The 
laser spectral shape at this wavelength is shown in Figure 26 together with the 
HH and LH PLE spectrum. Notice that both the HH and LH excitons can be 
excited simultaneously at this wavelength due to the broad spectrum of the laser 
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Figure 28. Diffracted signal showing quantum beats between HH and LH excitons 
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pulses. Thus, in this way we create a coherent superposition of these closely spaced 
states leading to destructive interference between them and the so-called quantum 
beats. These quantum beats are similar to those reported by Gobel et al. and Leo 
et al. [93,104]. Our results, however, show a much stronger interference between 
the HH and LH excitons. It is clear from Figure 28 that the signal intensity 
almost completely vanishes due to interference. To our knowledge, this is the first 
report of such strong interference between the HH and LH excitons. We interpret 
this result as due to the enhanced LH oscillator strength due to the superlattice 
structure of our sample. This is clearly observable from the LH peak intensity 
in the PLE data shown in Figure 26. It is well known that GaAs/ AlxGa1_xAs 
heterostructures undergo a transition from MQW to SL when the barrier thickness 
is decreased below about 70 A [2,105]. Jn the SL case the electronic wave functions 
from adjacent wells overlap significantly. This overlap allows the electron to move 
freely from one well to the other. This is in contrast with the QW case where the 
electron is almost perfectly confined in the well and a well-to-well interaction is 
not possible. 
Using Equation 48 we can estimate the energy separation between the HH 
and LH excitons. From Figure 28 we measure a beating period T of about 281 fs. 
Inserting this into Equation 48 and solving for D..E we get : 
h 
ll.E = T = 14.72 meV 
This is in excellent agreement with the PLE measurement that gives D..E = 14. 70 
meV as obtained from Figure 26. It is also important to note the inverse rela-
tionship existing between T and D..E as shown in Equation 48. This implies that 
as D..E becomes small and possibly difficult to measure with PLE experiments, T 
on the other hand becomes larger and clearly more visible in DFWM. Although 
the latter experiment is technically more involved, it can be an excellent tool to 
measure very small energy separations provided that the dephasing time of the 
elementary excitations is longer than the beating period. 
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Wavelength Dependent DFWM Lineshapes 
Our wavelength dependent DFWM experiments on the GaAs/ Al0.3Gao.7As 
SL sample have lead us·to some very interesting signal lineshapes. Figures 29 and 
30 show, respectively, the logarithmic and linear plots of several diffracted signal 
intensities as a function of energy detuning from the HH resonance. The new and 
most exciting result found in this study is the appearance of a rather flat region 
at the top of our signal at small positive time delays. This region starts to emerge 
at very small energy detuning 6 below the HH resonance. It becomes apparent for 
6 as low as -2 meV and gets larger with increased detuning below the HH reso-
nance. It extends over a surprisingly long time of about 0.8 ps at 6 = -16.7 meV. 
One can estimate a time constant for this region to be on the order of 9 ps which 
is very large compared to the decay time measured after 1 ps time delay. The 
dephasing time corresponding to this time constant is -18 ps for a homogeneously 
broadened transition and -36 ps for an inhomogeneously broadened transition. 
This dephasing time is extremely long compared to all previously reported mea-
surements in GaAs/ AlxGa1-xAs QW's. We attribute this long time constant to 
be possibly due to the long exciton coherence time expected as a result of their 
lowered occupancy. By detuning our laser below the HH resonance, we essentially 
excite fewer excitons and reduce the exciton-exciton scattering probability. The 
other time constant obtained after 1 ps time delay is slightly reduced at 6 = -16. 7 
meV compared to 6 = 0. This time constant measured is about 159 fs compared 
to 214 fs for 6 = 0. 
The lineshape of the signal also shows an extremely sharp peak around t=O 
that persists regardless of 6. The rise time of this peak is comparable to our 
laser pulses as can be seen in Figure 27. This is a rather important result that 
we believe is only possible in a superlattice case where carriers- are not perfectly 
confined. Due to the relatively fast rise of this peak, we believe that its origin 
should be due to free carrier scattering which is an extremely fast process. The 
intensity of this peak becomes lower as the excitation energy is tuned further bellow 
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Figure 29. Log scale plot of the DFWM signal as a function of energy detuning 
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the GaAs gap ( h negative) as can be seen in Figure 30. This is consistent with the 
lower density of free carriers excited by these energies and further supports our 
interpretation. At longer times before the arrival of the pump pulse (i.e. negative 
delay), we observe a relatively slow rise of the signal on the order of 100 fs. The 
interpretation of the negative time delay signal is a complicated issue that is still 
controversial. In the literature, either a slow or a fast rise of the signal is reported 
and is interpreted by several authors as due to a coherent coulomb interaction 
of excitons in QW's [98,104]. This is consistent with our observations since the 
negative delay signal only appears when the exciton dephasing time is long (i.e. at 
negative h). The value of this rise time in a homogeneously broadened system was 
recently shown to be about half the time constant for the decay of the signal in a 
QW sample [104]. In our case, however, we measure a ratio of about 1.5 at several 
negative detunings. We believe that the slightly lower value we measure could 
be attributed to the fact that our sample has some inhomogeneous broadening as 
discussed earlier. In addition, the microscopic theory used to derive the factor 
of 2 does not take into account SL effects such as minibands and the well-to-well 
coupling of the electronic wave functions. Furthermore, since we observe both a 
fast and slow rise of our signal is a good indication that both homogeneous and 
inhomogeneous broadening is present in our sample. 
At excitation energies above the HH energy we observe drastic changes in 
the signal temporal lineshape. As can be seen in Figures 29 and 30 the signal 
decays much faster at these excitation energies. This has been observed previously 
in the QW case and is attributed to the increased exciton occupation number [95]. 
This leads to a reduction in the dephasing time due to efficient exciton-exciton 
collisions. This picture is further supported by the similar results obtained when 
the excited carrier density is increased by increasing the laser power. Our results 
for the SL case are consistent with the interpretations used in QW samples [104]. 
87 
Power Dependence of DFWM Signal 
Figures 31 and 32 show, respectively, the logarithmic and linear plot of the 
DFWM-signal at several average pump and probe laser powers at the sample. Po 
is an average power of about 0.5 mW at the sample. At Po the carrier density 
excited is about 4 x 108 cm----: 2 (see Appendix B). These data are taken at 10 K 
with an excitation wavelength of 798 nm which is at the HH resonance. At low 
powers we observe similar signals as previously with long dephasing time and a 
negative delay signal associated with it. At excitation powers about 13 times 
larger than Po we observe a flattening of the peak around t=O. This is a rather 
new and interesting result that further supports our interpretation of this peak as 
due to carrier-carrier scattering. By increasing the laser power we are essentially 
pumping more and more carriers into the conduction band. After certain powers 
the excited carrier density is so large that we believe a plasma is created. In this 
case the carrier-carrier interaction is, perhaps, partially screened leading to the 
long decay constant observed (i.e. flat portion of the peak). This plasma is not 
going to be stable and will decay after a short time as observed. Note also that the 
rise and drop of this peak is very fast and comparable to our laser pulse rise time. 
It its also possible that higher order terms in the nonlinear polarization interfere 
with the third order term ( or x'3) ). This has been observed recently by Leo et 
al. [106] in the form of a dip near t=O in an InGaAs/InAlAs sample. In Figure 32 
we can clearly observe a small dip near t=O. On the other hand we also observe 
an enhancement of the strength of the quantum beats between the HH and LH. 
The beat period has also shown no dependence on the laser power which is not 
surprising since it only depends on the HH-LH energy separation. 
Temperature Dependence of DFWM Signal 
In Figure 33 we show the DFWM signal at several lattice temperatures with 
the excitation pulses always tuned to the HH resonance. In this case we also observe 
a drastic reduction of the exciton dephasing time. This, however, has a completely 
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Figure 31. Log scale plot of the DFWM signal lineshape at several excitation 
powers (P0=0.5 mW) 
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· different origin than the power or wavelength dependent spectra. In this case 
we are raising the temperature of the lattice which increases the thermal phonon 
population. It is this phonon population that ionizes the excitons and plays a major 
role in reducing the exciton dephasing time. In fact, at large enough temperatures 
the exciton binding energy (around 10 meV) [107] becomes comparable to kT 
leading to more exciton ionization and a large free carrier population. Again, 
carrier-carrier scattering becomes dominant and lead to the observed rapid decay 
of the signal at high temperatures. We have also checked the HH-LH beating 
period and it seemed unaffected by the lattice temperature variations to within 
our experimental uncertainty. 
ZnSe Epilayer results 
ZnSe and II-VI semiconductors in general have been the least studied by 
ultrafast laser spectroscopy. This is mainly due to their large energy gap requiring 
photon energies in the UV range. Just a couple of years ago it would have been 
almost impossible to obtainsubpicosecond pulses with reasonable power tunable 
in the UV region. With the invention of femtosecond Ti:sapphire lasers this re-
striction can now be overcomed with some efforts. As explained in Chapter III, 
these experiments require the doubling of our Ti:Sapphire frequency output in a 
nonlinear crystal. We are then able to tune our pump and probe wavelength to 
be resonant with an excitonic transition of our ZnSe sample. This sample is a 2 
µm thick layer of ZnSe grown by MBE on GaAs substrate. The substrate is re-
moved from a small area of the sample according to Appendix A to allow for these 
experiments. The procedure of the DFWM experiment is the same as described 
previously except for the added difficulties associated with the second harmonic 
generation and the wavelength tuning. 
Figure 34 shows the photoluminescence (PL) data taken from our ZnSe sam-
ple with a HeCd laser at 10 K [108]. Shown also is the spectrum of our femtosecond 
excitation pulses at two different energies representing the upper and lower limits 
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Figure 34. Photoluminescence data of the ZnSe epilayer sample obtained with a 
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at two different energies ( dashed curves) 
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before the DFWM signal disappears. ·1n this sample we can clearly see two ex-
citonic peaks commonly labeled in the literature as 12 and h. These peaks are 
associated with a donor bound exciton (h) and a deep-donor bound exciton (h). 
The energy positions of these peaks are 2. 798 e V and 2. 794 e V respectively. The 
PL data also shows a third broad peak labeled I centered around 2.773 eV. This 
peak is much lower than the ZnSe band gap (E9 =2.80 eV at OK) and is associated 
with impurity states. 
A plot of a measured DFWM signal as a function of time delay from this 
sample is shown in Figure 35. This experiment was performed at a wavelength 
of 446.8 nm which is equivalent to an energy of about 2.774 eV. From a simple 
comparison to our previous results on GaAs/ AlxGa1-xAs SL's we can immediately 
say that the exciton dephasing time in this sample is very short. It is important 
to note that these are the very first subpicosecond DFWM results reported on 
ZnSe epitaxial layers. The rise time and decay time of our signal are measured 
to be about 65 fs and 30 fs, respectively. This is rather surprising since one 
would expect the rise of the signal to be faster than its decay as is the case for 
GaAs/ AlxGa1-xAs heterostructures. In fact, this is completely reversed in the 
ZnSe sample where we now observe a factor of two increase in the rise time relative 
to the decay time. Figure 35 also shows the autocorrelation of our fundamental 
frequency pulses. The second harmonic pulses are expected to be of the same 
width or narrower. Note especially that the decay of our signal is very fast and 
only limited by our laser pulse width. The rise time, however, is much larger than 
that of our laser pulses indicating that its origin is in the sample. It is not yet 
clear to us why the rise time is larger than the decay time and further experiments 
are needed to confirm this due to the very short time scale involved. However, 
we believe that the rapid decay of the signal observed in this sample could be 
attributed to the sample quality. It is well known that the growth of ZnSe on 
GaAs causes some induced strain in the ZnSe layer due to the relatively large 
lattice mismatch ( on the order of 0.27 % ) between the two materials. Strain is also 
caused by the different temperature expansion coefficients of the two materials. 
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By removing the GaAs substrate some strain may be relieved but dislocations 
could also form in the sample. As clearly seen in the PL data some impurities are 
present in the sample even before removing the substrate. Both of these effects will 
contribute significantly to inhomogeneous broadening of the electronic transition 
in this sample. This interpretation is consistent with the fast signal decay observed 
in intentionally inhomogeneously broadened GaAs/ AlxGa1-xAs samples [104]. We 
believe that the transition in our sample is mostly inhomogeneously broadened. 
Another way to check inhomogeneous broadening is by time-resolving the diffracted 
signal and observing a photon echo pulse appearing at a time t after the probe 
pulse where t is exactly equal to the time delay between the pump and probe 
pulses. 
Figure 36 shows a log scale plot of the DFWM signal lineshape as a function 
of energy detuning ( 8) from the ls exciton resonance. Figure 37 shows the same line 
shapes in a linear scale. The energy separation between 12 and 13 is llE ~ 4 me V 
corresponding to a quantum beat period of about 1 ps. It is, therefore, impossible 
to see quantum beat between 12 and 13 bound excitons in this sample due to the 
very rapid signal decay. The most striking result of our data is the appearance of 
significant signal at negative time delays despite its fast decay. It is important to 
note that this is only observed for negative detuning 8. This is in contrast with our 
results and the results of others [106,104] on GaAs/ AlxGa1_xAs heterostructures 
where the negative delay signal was associated with the long exciton dephasing 
time. However, the fact that the negative delay signal rise time increases with 
increased detuning below the resonance is consistent with our observations in the 
GaAs/ Al0.3Gao.7As SL. We also observe a small decrease in the signal decay con-
stant with increased detuning below the exciton resonance. This rapid decay of the 
signal can be explained by the possibility of exciting the carriers into the impurity 
states labeled l in the PL data of Figure 34. One would expect these states to 
have a faster decay time due to their low density of states. This picture is fur-
ther supported by the result obtained at the largest detuning of our laser pulses 
( 8 = -26.8 meV) where we are practically not exciting the states related to 12 or 
ZnSe 
.,,...__ 
. 
~ 
. 
ro 
....._..., 
~ 
+J 
•r-1 
rn 
~ 
Q) 
+J 
~ 
1---1 
---0.500 
7.0 meV 
0.000 
Delay (ps) 
96 
-13.4 
-6.6 
0.500 
Figure 36. Log scale plot of the DFWM signal from the ZnSe sample as a function 
of laser detuning from the h resonance 
ZnSe 
,,,..-... 
. 
:::J 
. 
ro 
..__., 
~ 
+> 
• ...-i 
UJ. 
~ 
<l) 
+> 
~ 
1--i 
-0.500 0.000 
Delay (ps) 
-26.8 
-20.1 
-13.4 
-6.6 
7.0 rneV 
0.500 
97 
Figure 37. Linear scale plot of the DFWM signal from the ZnSe sample as a 
function of the laser detuning from the h resonance 
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Is. This is clearly shown by the dotted curve in Figure 34 where the excitation 
energy covers mainly the impurity peak labeled I. 
Conclusions 
In conclusion, we have performed subpicosecond DFWM experiments with 
near IR as well as UV laser pulses. The samples we studied are a GaAs/ Al0.3Gao.7As 
superlattice and a ZnSe epilayer. Both samples were grown on a GaAs substrate 
which we removed for the purpose of these experiments. We obtained very interest-
ing results in both experiments. For the SL sample we observed the appearance of 
an extremely long time constant in the signal decay at negative detuning from the 
HH resonance. This time constant lasts· up to about 0.8 ps at the largest energy 
detuning and is attributed to a possibly long exciton coherence as a result of their 
low occupation. The other most exciting result in this sample is the appearance of 
a 'plasma-like' response region around t=O with a relatively long coherence time 
at high excitation densities. The temperature dependence and power dependence 
of the DFWM signal were also carried out and show similar behaviors which arise 
from different origins. We have also seen an enhancement of the quantum beat 
signal with increased excitation power. 
Our measured negative time delay signal in the GaAs/ Al0.3Gao.7As SL sam-
ple was consistent with previous observations in similar QW samples but the signal 
from the ZnSe layer showed quiet different results. The most important and new 
result found in this sample is the fact that the measured rise time of the signal is 
larger than its decay. We have suggested that this effect may be due to some contri-
butions of impurity states in the sample present at the excitation wavelengths.The 
origin of the negative delay signal is still unclear and controversial. In our ZnSe 
sample we have shown that the recent interpretation of this signal does not apply 
at least to this sample. We believe that further studies are needed to resolve this 
issue. Furthermore, the signal decay time in the ZnSe sample was also observed 
to decrease with increased detuning bellow the exciton resonance. This is also in 
contrast with the results on GaAs/ AlxGa1_xAs SL's and QW's. 
CHAPTER VIII 
. SUMMARY 
We have conducted several picosecond and subpicosecond optical experi-
ments on GaAs/ AlxGa1-xAs SL's and QW's in addition to a ZnSe epilayer. The 
QW samples are several series of MBE grown GaAs/ AlxGa1-xAs samples designed 
such that each series has a fixed x and well width Lz while the barrier width (Lb) 
varied. From series to series we only varied the aluminum concentration (x). We 
have performed picosecond Raman scattering experiments on all of these samples. 
Our most exciting results from these experiments can be summarized in three 
major findings. (1) The first observation of a confined-to-propagating GaAs LO 
phonon transition in GaAs/ AlxGa1-xAs SL's as Lb decreased. This was deduced 
from the observed sudden increase in the GaAs LO phonon generation rate to a 
bulk GaAs value with decreased Lb. We have interpreted this sudden increase in 
the hot phonon generation rate as due to a well-to-well coupling of the LO phonon 
wave functions in adjacent wells leading to bulklike extended phonon modes. This 
transition is rather sharp and extends over only ,..,5 A for the two series of samples 
with x=0.4 and x=l. For x=0.3 we still observe the confined-to-propagating LO 
phonon transition but at a much larger barrier width which is· consistent with the 
lowering of the "phonon-barrier" height by reducing x. (2) We reported the first 
estimates of the GaAs LO phonon penetration depth ( ..\) and observed a sharp 
increase in..\ as x decreased. For instance..\ changes from about 10 A for x=0.4 to 
40 A for x=0.3. (3) Our results on the x<0.3 series have shown practically no LO 
phonon confinement up to barrier widths as large as 180 A. This result implies that 
the electron-LO phonon scattering rates in these heterostructures are essentially 
the same as that of bulk GaAs for x<0.3. This is an important finding that will 
be beneficial in the device applications of these materials. 
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We have also performed subpicosecond DFWM experiments using near-IR 
pulses. This study included the temperature dependence, excitation energy de-
pendence, and power dependence of the DFWM signal line shape as a function 
of time delay between the pump and probe pulses. The samples studied are a 
GaAs/ Al0 .3 Gao.7As SL with Lb=50 A and a ZnSe thin layer sample grown on 
GaAs substrate. We have removed the GaAs substrate from both samples for the 
purpose of these experiments. Our major findings in this study can be summa-
rized in four parts. (1) The observation of strong quantum beats between the HH 
and LH excitons in the SL sample. The increased strength of the beating was 
interpreted through the increased LH oscillator strength due to the SL structure. 
(2) We observed the appearance of long time constant at energy detunings below 
the HH resonance. This time constant was interpreted by the increased exciton 
dephasing time due to their reduced population at these energies. (3) The power 
dependent study has led us to some new and interesting results such as the en-
hancement of the HH-LH beating and the appearance of a dip and flat region 
around t=O at high powers. We suggested the possible attribution of these results 
to a plasma-like formation and a higher order polarization effect. (4) In the ZnSe 
sample we obtained the very first subpicosecond DFWM results. Among these 
results are the surprisingly longer rise time compared to the decay time observed 
which is in contrast with the GaAs/ Al0.3Gao.7As SL results. The origin of the 
negative time delay signal is still controversial even in the well known structures 
of GaAs/ AlxGa1:--xAs QW's. We have shown that the interpretation used previ-
ously to explain this signal in GaAs/ AlxGa1_xAs QW's does not apply, at least to 
our ZnSe sample. Further work is needed both in theory and experiment to help 
resolve this controversy. 
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APPENDIX A 
REMOVING THE GaAs SUBSTRATE 
In order to perform some of the transmission measurements the GaAs sub-
strate had to be removed from the SL and QW samples. This is done by selective 
wet etching in a hydrogen peroxide solution. The details of this procedure is the 
main subject of this appendix. 
The SL sample and a sapphire substrate ( or a piece of microscope glass) are 
degreased and cleaned in a trichloroethylene solution. We use an epoxy (Norland 
NOA-61) to glue the sample down on the sapphire substrate with the SL surface 
facing down on the sapphire. It is important to move the sample around on the 
sapphire to make sure there are no air bubbles between the sapphire and the SL 
area. The epoxy is then exposed to UV light from a Xenon lamp for about 20 to 
30 minutes. For final curing of the epoxy, the sample is left under a regular desk 
lamp overnight (about 12 hrs or more). Note that after curing the thickness of the 
epoxy is estimated to be between 2-15 µm. 
Once the sample is firmly attached to the sapphire piece, we proceed by 
polishing the GaAs substrate down to a thickness of about 100 to 200 µm using 
aluminum-graded polishing paper. For the final polishing, we used a diamond 
paste of 1 µm grit size to obtain a nice smooth surface. The sample and sapphire 
are cleaned with deionized water and gently wiped off with a lens paper soaked 
with acetone. It is important to note that our epoxy is dissolvable in acetone and 
care must be taken not to apply too much of it on the sample. If necessary, we 
can trim down the excess cured epoxy around the sample with a razor blade. At 
this point we are ready to apply photoresist to the areas that we want to protect 
from etching. The protected areas are the surrounding edges of the sample and the 
epoxy (see Figure 12 in Chapter III). The sample is then placed under a desk lamp 
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for at least 4 to 6 hours to allow photoresist to cure. We also note that photoresist 
should be kept in a fairly dark area in order for it to preserve its properties. 
At this point we mix the etching solution which will be referred to as PA30. 
This solution contains a 30:1 to 25:1 mixture of hydrogen peroxide (H20 2 ) and 
ammonium hydroxide (NH40H) respectively. It is important to note that the 
solution is corrosive and one must avoid skin contact. The typical solution volume 
used was about 100-150 ml in a 250 ml glass container. The samples are placed on 
the bottom of the container with a stirrer magnet to the side. The typical stirring 
speed used is about 3-5 on the scale of our VWR magnetic stirrer model 320. Care 
is taken to occasionally rempve air bubbles from the etching surface of the sample. 
We also rotate the sample every 10 mn or so for a more uniform etch. Every once 
in a while the sample surface is checked under the microscope without removing 
the sample from the solution. Usually some oxidation (i.e. white patches) appear 
on the surface of the sample. This oxidation can be removed by a slow etching 
solution called semico-clean. This last step can be performed as often as needed. 
However, it is important to note that whenever the sample is taken out of the 
etching solution it must be dipped immediately in deionized water for rinsing. 
The etching time usually takes between 2 to 3 hours per sample depending on the 
substrate thickness and the pH of the etching solution. The last 30 minutes of 
the etching process are very crucial to the success of the operation and the sample 
surface must be constantly monitored. This is because of the fact that GaAs 
etches very fast in P A30 and one has to stop the etching process immediately after 
a smooth and shiny brown surface appears on the sample. This surface is usually 
that of AlAs or AlxGa1_xAs etch stop layer ( see Figure 3 in Chapter II) and beyond 
it there is the SL layers. After performing this procedure several times, we have 
obtained an estimated of about 1.6 µm/mn for our etching rate . 
APPENDIX B 
DETAILS ON THE PUMP AND PROBE EXPERIMENT 
Pump and probe or two-pulse experiments are generally used in time resolved 
experiments where the first pulse (pump) creates changes in the sample which are 
detected by the second pulse (probe). There are several different experiments that 
employ this technique. Among these is the two beam degenerate-four-wave-mixing 
(DFWM) experiment used in our study. In this appendix we will try to give some 
details about the alignment procedure used in these experiments. 
In the two beam DFWM experiments, as described in Chapter III, the pump 
and probe pulses propagating along the k1 and k2 directions interact coherently 
inside the sample. This interaction results in the creation of a transient polariza-
tion grating which self-diffracts part of the probe beam into the background-free 
direction 2krk1 . The experimental setup used for these experiments is shown in 
Figure 10 of Chapter III. Figure 38 shows schematically the pump and probe con-
figuration of our DFWM experiments. The time resolution of these experiments 
comes from the time delay (T) between the pump and probe pulses. Thus, the 
resolution of these experiments is mainly limited by the duration of the laser pulses 
used. In our case we use subpicosecond pulses on the order of 150 fs duration to 
perform these experiments. This allows for a high temporal resolution but also 
introduces some difficulties in the technical aspect of the experiment. 
In our alignment procedure, at first, we spatially overlap the pump and probe 
pulses on the sample. Since the pulses are very short in time and focused to a very 
small spot ( on the order of about 50 µm) extra care must be taken to insure that 
their spatial overlap is close to perfect. We found that the best way to do this is 
by using a small pinhole ( about 50 µm in diameter) in place of the sample and 
observe the interference pattern as each beam is aligned to go through the pinhole. 
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Figure 38. A schematic diagram of the pump and probe configuration used in our 
DFWM experiments 
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It is important to note that in the first setup of this experiment, the pump 
and probe path lengths were matched to within a few centimeters. The exact 
matching of the pump and probe beam path lengths is, then, controlled precisely 
by the delay line introduced in the probe beam path. This consists of a precise 
translation stage that holds two mirrors ( or a corner-cube) which reflect the probe 
beam. By adjusting the translation stage we can accurately adjust the path length 
traveled by the probe beam and control the arrival time ( or delay time T) of the 
probe pulse with respect to the pump pulse. The smallest step possible on our 
computer controlled delay line was carefully measured and corresponds to about 
11 fs. 
In order to completely overlap our pump and probe pulses in time we use 
a BBO crystal in place of our sample. We, then, adjust the probe delay time 
and observe the non-collinear second harmonic generation of our pump and probe 
pulses when they are perfectly overlapped in time. At this point we are ready to 
introduce our sample in place of the BBO crystal and find our DFWM signal. As 
shown in Figure 38 the signal is diffracted at an angle from the direction of the 
probe beam. This diffraction angle is similar to that between the pump and probe 
beams. We, therefore, estimate where the signal should be and place our detector 
(PMT) in that position. Note that the pump and probe pulses are blocked by a 
dark screen just after the sample to reduce the background light. At this point we 
adjust the wavelength of our laser pulses to match an electronic resonance of the 
sample. Depending on the sample us~d, in principle ~e should be able to observe 
the DFWM signal at this point. If the signal is not observed we usually can adjust 
the sample position to make sure that the pump and probe beams are overlapped 
in the sample. This is some times difficult to accomplish since our samples are 
only 1 µm to 2 µm thick usually. Once the signal is observed, we can optimize its 
intensity by adjusting the PMT as well as the sample positions. 
The sheet carrier densities are estimated using the following approximate 
formula 
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1 aP 
ne ~ 2 . A f nw . Lz 
Where A is the laser spot area on the sample, P is the average power at the sample, 
f is the repetition frequency of the laser, w is the frequency of the laser light, and 
, a is the absorption coefficient which is given as follow for GaAs 
a(cm-1) ~ 6.2 X 104 Jnw - Eg 
where E9 and nv are expressed in eV. 
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